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To my grandparents Elsie and Emest 
ABSTRACT 
T HE TransmissIOn Line Modelling (TLM) method is applied to the electromagnelic mod-elling of ve!ucles. Implications of increasing frequencies In computer models of electro-
magnetic compalibility (EMC) studies are discussed. EffiCient algonthms and resource man-
agement strategies are developed With a view to producmg accurate results m a realistic com-
putalional run 1:J.me. 
Theoretical aspects covered are. 
• The development and accuracy of the TLM method 
• An Improved Partial Huygens' surface for plane wave excitatIOn 
• An evaluatIOn of high-performance local and global absorbmg boundary conditIOns 
Implementalion aspects of TLM addressed mclude 
• The effects of anthmelic precISIon on link line voltage and stub Impedance calculatIOns 
• The development of an object-onented computer code usmg the Object Modelling Tech-
mque 
• Methods for eslimatmg and managing the memory reqwrement and run lime of slmula-
tlOns 
It IS shown that by oplimlSlng algonthms and carefully managmg resources, suffiCient Improve-
ment can be made to allow relatively sop!us!J.cated models to be run on a modest desktop com-
puter 
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CHAPTER 1: 
INTRODUCTION 
I N recent years the subject of electromagnetic (EM) Immumty and emISSIOns, usually re-ferred to as electromagnetIc compatIbIlIty (EMC), has become an Increasmgly Important 
area of study m electncal engmeenng_ All electromc and electncal devIces generate radIO fre-
quency (RF) energy, eIther umntentlonally by the acceleratIOn or deceleration of electnc charges 
dunng commutatIOn, or by emIsSIon from RF power sources, such as m mobIle commumcatlOns 
eqUIpment RF energy radIated from eqUIpment (the source or culprzt) can generate unwanted 
currents m nelghbonng eqUIpment (the VIctim) by a vanety of mechamsms. The effects of radIO 
frequency Interference (RFI) of thIS kInd can be Inconvement such as degradIng televlSlon re-
ceptIOn, or more serIOUS such as affectmg the operation of medIcal eqUIpment Concern about 
the effects of RFI on a range of eqUIpment has been accentuated by the IncreasIng denSIty of 
use of the RF spectrum and mcreasIng frequencIes 
LegIslation and standards have developed In response to the growth m RFI sources, and now 
vIrtually all equIpment must have: 
• Intnnslc nmnumty to mternal and external sources of RFI. 
• Stnctly hmlted emissions of RFI. 
The automotive Industry has a partIcularly strong Interest In EMC, smce modem velucles often 
contaIn a number of electromc control systems such as engIne management systems and antl-
lock brakes The f3llure of such systems has senous safety ImplIcatIOns and velucle deSIgns 
are legally reqUIred to undergo stnct testing to ensure that they confonn to set lImIts The 
Importance of EMC to vehIcle manufacturers also extends to product lIabIlIty and qualIty Issues. 
1 
1 Introduction 2 
1.1 The role of EM modelling in automotIve deslgn 
Velucles are amongst the most complex and expensIve of all commonly owned consumer prod-
ucts DesIgn optImlsatIon IS therefore a challenging and rewardmg occupatIon for many busI-
nesses In order to meet market demands and gam competItIve advantage, manufacturers have 
for many years sought the assIstance of computers. The use of computers m automotIve desIgn 
IS well establIshed m dJsclplInes such as geometnc modellIng I , aerodynamIcs, and structural 
desIgn 
Computer modellIng has gamed m populanty m a WIde range of dIsCIplInes because of the 
advantages It offers over expenmental techmques. ModellIng by no means replaces testIng as 
a route to confonnance wIth standards, but It does have a key dIagnostIC role. DeSIgns can be 
evaluated at a much earlIer stage than was prevIOusly possIble, and thIS can reduce development 
tIme and costs slgmficantly. 
The quantIty and detaJI of the data produced from models nonnally exceeds that possIble wIth 
measurement alone. For example, EM sImulatIon data gIves field strength and current data In ar-
eas where It would be physically ImpossIble to place measurement probes. Due to the Increased 
amount of data avrulable and the advent of advanced 3-D vIsualIsatIOn software, deSIgners can 
now get a qualItatIve 'feel' for deSIgn as well as producmg quantItatIve results for engIneers 
ThIS IS partIcularly valuable In EM modelling, because expenmental techmques only YIeld mea-
surement data at mdlVldual POInts, unlIke m a dlsclplme such as aerodynamICS where full-field 
vIsualIsatIon of rur flow has been realIsed by photograpluc means for many years 
The electncal aspects of vehicle deSIgn have lustoncally receIved relatIvely lIttle attentIOn be-
cause of theIr perceIved mlmmal Impact on the effiCIency, safety and comfort of the vehIcle In 
addJtlOn, the electronics content of vehicles was relatIvely low compared to theIr value 
In older vehicles, the electrical system had a frurly sImple deSIgn, and consIsted almost exclu-
sIvely of low-impedance wmng looms, relays, and sWItches ThIS type of system IS Immune 
to vIrtually all commonly encountered sources of RP energy. However, the IntroductIon of car 
radIOS m the 1950s and 1960s brought WIth It dJscrete components and amplIfiers WIth hIgh 
I In fact, two of the pIOneers of geometnc modelhng. de CastelJau and Bezler were both employed by vehIcle 
manufacturers, (Cltroen and Renault respecbvely) Geometncal modellIng IS the theoreucal cornerstone of all 
computer-aIded deSIgn (CAD) and other modellIng methods rely heavIly on It for representIng and preprocess· 
Ing geometncal data An excellent revIew of current methods can be found In Fann and HaInann [1 11 
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mput Impedance Motonsts rapidly became aware of radio nOIse caused by EM disturbances 
Slgmficant mternal and external RFI sources soon began to to be Identified, and measures to 
correct the problem were devised Early EMC legislatIOn was rumed at protectmg domestic 
radto and TV reception from the broad-band nOIse emitted from vehIcle spark IgmtlOn systems, 
and hence only covered broad-band emiSSIOns m the range 40-250 MHz 
Later, the mtroductlOn of microprocessor-based control systems became more common, and 
thiS made the EMC perfonnance of vehicles an Important safety Issue. Predlctmg the presence 
of EMC problems in modem vehicles can be demandmg because of the wide range of matenals 
m use and the geometncal compleXIty mvolved. For thiS reason EM modelhng has grown to 
become an essenllal part of the deSign process [I 2], and the electncal aspects of vehicle deSign 
have become of equal Importance to other more estabhshed areas 
1.2 Test procedures 
In pnnciple, the test procedures adopted to study automotive EMC are extremely simple For 
whole-vehicle Immumty tests IlluminatIOn IS provided at appropnate levels by a transmIttmg 
antenna and the effects on vehicle operation are observed For emiSSIOn tests the RFI transmitted 
from the vehicle IS measured with a broad-band antenna Detruls of the test procedures for whole 
vehicles, and for components have been descnbed by Noble [1.3] 
In practIce there are dtfficultIes m carrymg out both types of test due to the nature of the mea-
surements2, and Imperfections m the measuring environment. EmiSSIOns tests are usually car-
ned out at an open-area test site (OATS), and Immumty tests m a screened room or an anechOlc 
or seml-anechOlc chamber (see Figure 1 1). Sellli-anechOlc chambers are the most commonly 
used environments for whole-vehicle Immumty tests. The metalhc chamber walls are hned With 
RF-absorbmg matenal (RAM) which absorbs the fields scattered by the vehicle and hence the-
orellcally emulates free-space However some resonances are present due to the angular and 
frequency-dependent nature of these absorbers 
At low frequencies the chamber walls are m the near field of the Illummallng antenna and sub-
stantIal coupling can occur [1.4] This complex SituatIOn makes it difficult to generate accurate, 
2 For example, It can be difficult to place field probes 10 munumty tests where standmg waves are present Even 
very slIght differences In posIUon can yield large difference In the observed field strength 
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Figure 1.1: Vehicle immunity test carried out in the semi-anechoic chamber at MIRA, UK 
uni fonn fields for tests, and indeed modelling has found a role in the design of cost-effective 
and efficient tes t environments [ 1.5]. Ideally a model should be capable of determining the 
vehicle's perfonnance its test environment including the effects of the ill uminating antenna and 
absorbers. 
At high frequencies whole-chamber simulations are much more of a challenge in tenns of the 
computer memory and model complexity required. Most semi-anechoic rooms are lined all the 
walls and roof with pyramidal absorbers which perfonn reasonably well at high frequencies3 , 
and thus it is a acceptable approximation to assume that the vehicle is surrounded by ideal 
free space. In the computer model this can be achieved by applying absorbing (or radiation) 
boundary conditions. These boundaries are be placed as close to the vehicle as possible in the 
model in order to conserve computer memory. Thi s type of compromise is likely to be necessary 
more often in the future, since new innovations such as road-side communications at 5.8 GHz, 
and the first generation of forward-looking radars at 77 GHz are extending the band of interest 
(currently 20 MHz-l GHz [1.6]) to the limits of current modelling capabihties . 
) In some anechoic chambers ferrite tiles are used on the floor and as a backing for conventional RAM in order 
to improve low frequency performance. 
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1.3 Se1ectJOn of a modelling method for automotive EMC 
A wide range of numencal techmques have been developed for electromagnetic modelhng 
Each method tends to have strengths m different types of problem, I e scattenng, radiatIOn or 
propagatIOn This makes the chOice of a modelhng techruque for EMC qUite Involved because 
fully self-contained EM slmulaliOns of the EMC test environment wluch Include antennae etc 
can be partially classified in all three categones. 
The propagatIOn of EM waves in materials IS concisely descnbed by Maxwell's curl equatIOns 
(1 1-14). Direct analyttcal solutton IS unreahsttc except m cases where the geometry of the 
system of Interest and the boundary condlttons are extremely simple, although analyttcal tech-
mques are widely used for vahdation purposes In most reahsttc phYSical sltuattons a numencal 
solutton method must be employed Numencal techmques often use a dlscretlsed versIOn of 
either the differential (time domain) versIOn of Maxwell's third and fourth equatIOns 
aH 
\l x E = -p. at 
aE 
\l x H = a.E + fFt 
or the Integral (frequency domain) forms: 
\l x E= -Jwp.H 
\l x H = (a. + JWf)E 
(1 1) 
(1 2) 
(1 3) 
(14) 
These equations can be handled In a variety of different ways, each haVing disttnct strengths and 
weaknesses. Some key features of a selection of methods are reviewed In Table 1.1, although 
more formal and comprehensive surveys have been conducted by Miller [I 7), and by Porter 
and Dawson [I 8). 
The first chOice to be made when selecttng a techmque IS whether a time or frequency result 
IS reqUired Because of the nature of EMC problems, both ttme and frequency domain mfor-
matton are of mterest. In order to cover a Wide frequency band With a smgle simulatIOn It IS 
converuent to perform a time domam simulation With impulsive field excltatton. The result can 
subsequently be transformed mto the frequency domain USing, for example, the discrete Founer 
transform. 
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FINITE DIFFERENCE TIME 
DOMAIN (FDTD) [1.9]. 
FINITE DIFFERENCE 
FREQUENCY DOMAIN 
(FDFD). 
FREQUENCY DOMAIN 
FINITE ELEMENT METHOD 
(FDFEM) [1.10]. 
TIME DOMAIN FINITE 
ELEMENT METHOD 
(TDFEM). 
METHOD OF MOMENTS 
(MoM) [I 11]. 
GEOMETRICAL THEORY 
OF DIFFRACTION 
(GTD) [I 12]. 
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• Most commonly applied In the tlme domam form 
• Spattal dlscrettsatlOn mto rectangular blocks 
• TIme domam versIOn produces E and H In alternate halves of the time 
step Frequency domam vanant reqUires the solution of a set of slmulta~ 
neous hnear equatIOns 
• Boundanes generally must he on cell faces leadIng to a 'stalrcased' ap-
prOXimatIOn of slopmg boundanes, although Special formulatIons are be-
mg devised to Implement sloped and curved surfaces 
• High performance absorbmg boundanes (boundanes at (0) are not mher-
ently easy to Implement Successful schemes have been reported 
• Can deal With matenals on a cell-by-cell basIs and SUitable for complex 
geometry 
• Most commonly formulated In the frequency domaIn 
• Spatial dlscrettsatton Into tetrahedral blocks bounded by elements 
• Operates by tmmmlsmg an energy functIOnal, which reduces the problem 
to a set of Simultaneous hnear equations 
• Absorbmg boundanes can be difficult to formulate 
• Spunous solutions known as vector parasttes must be handled 
• Complex matenal types and configuratIOns are easIly achieved 
• Accurate geometry representatIOn possible as the elements may be mdl-
vlduaUy scaled and distorted to fit the problem 
• Normally apphed III the frequency domam, although time domam mo-
ment methods eXist 
• Dlscretrsatton lOtO Wires, conductmg patches or dlelectnc volumes 
• Integral form of Maxwell's equations are reduced to a set of Simpler tm-
ear equatIOns These are solved by a techmque known as the method of 
weighted reslduals 
• Different forms of the field mtegral equations determme which sort of 
problem the method solves, 1 e WIres, patches or volumes ThIS means 
that combmmg patches and dle1ectnc volumes IS nontnvlal 
• Highly accurate absorbmg boundanes can be Implemented 
• Based on optiCal methods 
• Only appropnate at very high frequenCies where the free space wave· 
length of the lOCldent wave 15 much smaller than the dImensiOns of the 
object 
• Differs from geometncal OptiCS smce the effects of diffractIOn are ac-
counted for 
Table 1.1: Features of altematJve modelling methods to TLM 
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EMC slmulatIOns are distinct from simple radiatIOn problems where. for example. the far-field 
radiatIOn pattern of an antenna IS to be evaluated Frequency domain methods such as the 
Method of Moments tend to be more efficient m terms of simulatIOn times and memory usage 
for tlus type of problem 
Time domam techmques are popular for a Wide range of EMC problems. and are chosen as 
a starting pomt for thiS thesIs A typical structure for a time domam modelhng tool IS shown 
m Figure I 2 The most common ume domam methods are the Fmlte Difference Time 00-
--
GEOMETRICAL DESCRIPTION 
i 
P 
--
TIME DOMAIN 0 
--
S SOLVER 
T 
~ P R 0 C E 
FREQUENCY S S TRANSFORM 
--
0 (e g FFf) R 
--
FREQUENCY SPECTRUM 
P 
R 
E 
P 
R 
o 
C --E 
S 
S 
o 
R 
• 
SIMULATION DATA 
I 
FIELD VISUALISATION 
Flgure 1 2- SimplIfied structure of a 3-D Ume domain EM modellIng tool 
mam method (FDTD) and the subject of thiS thesls- the Transffi1ssion Lme Modelhng method 
(TLM) TLM and FDTD are very closely related and share many features. m fact TLM and 
FDTD have been shown to be eqUIvalent m certam circumstances [I 13. 1 14. I 15] The mam 
difference between them hes m their formulauon FDTD IS formulated directly by mathemaucal 
methods. and TLM is formulated by conceptually replacmg the problem With a set of eqUiva-
lent electrical transmission lines_ The fundamental unit of FDTD IS the Yee cell [I 9]. and m 
TLM IS the point at which the transmiSSIOn hnes mtersect- termed the node [Ll6] Because 
TLM IS based on the concept of electncal transmiSSIOn hnes It allows the engmeer to draw on 
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eXIsting knowledge of circuits and thus gIves a good 'feel' for the modelling process TLM's 
power to abstract phySIcal problems to electncal CIrCUIts has been used successfully m a wIde 
vanety of problems outsIde of electncal engineering, including acoustlcs [I 17], and thennal 
dIffusIOn [1 18]. 
TLM also dIffers from tradtttonal FDTD In the fact that both field components are aVallable 
SImultaneously, whereas in FDTD they are separated by one half of a tlme step The dIsad-
vantage of TLM appears to be In the addttlonal memory that the 3-D symmetncal condensed 
node (SCN) [1.19] reqUires when compared to the Yee cell However, the StabIhty of the TLM 
method tends to be better than FDTD for rectangular-faced cells where the sIde lengths dIffer, 
and thIS may mean that models WIth lugh permIttlVlty matenals can be represented more effi-
ciently in TLM. Also, recent research suggests that TLM may perform sIgmficantly better than 
FDTD In modelhng the fields around sharp conductmg edges [I 20]. It IS therefore debatable 
WhICh method offers the best solutIOn, although the use of FDTD seems more WIdespread m 
the rad13tlOn commumty, and TLM more common In the propagatIOn and scattenng commu-
mtles. Wluchever method offers the better alternatlve, there IS no doubt that TLM has been 
used successfully m a WIde range of problems. Since the advent of the SCN, It has been ex-
tensively apphed In EMC both generally [1 21, 1 22, 1 23] and speCIfically In automotIve EMC 
problems [1 24, 1.25, 1.26]. 
1.4 Objective of this thesis 
Effectlve and effiCIent computatIOn usmg any EM solutlon method depends fundamentally on 
• MImmIslng the amount of computer memory In use. 
• MImmIslng the number of calculatIons reqUITed to solve the problem 
• Producing computer code with an optlmised architecture 
• USing hIgh-perfonnance computers 
These reqUirement ralse speCIfic issues when appbed to TLM. This thesis aims to target the parts 
of the TLM method where there IS potentlal for acluevmg more effiCIent computatIOn Includmg 
• The denvatlon and development of Impulse reflectlon coeffiCIent boundanes 
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• The evaluatton of hIgh perfonnance absorbmg boundary schemes for use m EMC Slmu-
lattons . 
• Implementation issues includmg numencal accuracy, memory management and program-
mmg techmques. 
The overall obJecttve of this thesis IS to develop methods for Improvmg the effecttveness and ef-
ficIency of the TLM method. Thts IS necessary to meet the challenges of increasmg frequencIes 
in the test environment and to maximise the potential of computtng resources. 
1 5 Thesis overview 
Chapter 2 gIves a bnef mtroductlon to the TLM method. The denvatlOn and propertIes of 
dIfferent types ofTLM node are descnbed m the context of vehIcle EM models. Fmally, relevant 
recent developments m the TLM method are revIewed. 
Chapter 3 Identtfies techmques whIch are based purely on the appitcatlOn of reflectIon coef-
fiCIents between paIrS of TLM nodes. A varIety of common boundary types are denved and 
dIscussed, and a new method of applying asymmetnc boundanes to achteve plane wave exclta-
tton m TLM IS presented. 
Chapter 4 analyses hlgh-perfonnance absorbmg boundary schemes m the context of EM scat-
tenng problems. Perfonnance tests are presented, and the ments of vanous schemes are dIS-
cussed 
Chapter 5 exarmnes efficiency and accuracy of the TLM algonthm m tenns of Its Implemen-
tatton. Practical issues affecttng the algonthm mcludmg the programmmg methodology, accu-
racy, and the effiCIent use of computattonal resources are addressed. 
Chapter 6 concludes the findmgs, and proposes areas for further study 
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CHAPTER 2: 
BACKGROUND AND FEATURES OF THE TRANSMISSION 
LINE MODELLING METHOD 
T HE TLM method has undergone considerable development smce It was devised m the early 1970s In that time It has evolved mto a comprehensive numencal techmque with 
many powerful features. This chapter provides an mtroductlOn to the TLM method, mcludmg 
the development, denvatlOn and errors of efficient and general 3-D nodes The state of current 
research is reviewed with an emphasis on the EM modelling of vehicles. 
2.1 The history of TLM 
Attempts to represent Maxwell's equatIOns uSing eqUivalent electncal CircUits date back as far 
as the 1940s [2.1], although the scope of these studies was restncted by the lack offast, afford-
able digital computers. By the 1970s computers were readily available to perform the labon-
ous and repetitive calculatIOns mvolved, and a range of numencal techmques became popular 
The TLM method was first applied In plOneenng work by Peter 10hns to study wave gUidance 
problems [1.16], but has smce found applications In many areas of EM design and evaluation 
The first TLM nodes to be developed were the 2-D shunt node and the 2-D senes node [22]. 
These types are limited to modelling phenomena which can be reduced to TM and TE modes 
respectively I The capabilities of these nodes are madequate for modellmg the complex EM 
charactenstlcs of a 3-D vehicle body The 2-D nodes are Important because their eqUivalent 
CircUits are well understood and the concepts developed in their denvatlOn are fundamental to 
the understandmg and analysIs of 3-D nodes 
I That IS, If the usual conventIOn IS adopted. where the node voltage IS chosen to model the electnc field and the 
node current IS chosen to model the magnetic field 
13 
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2 2 Two-dImensional nodes 
In the 2-D TLM method, waves propagate on a mesh or gnd of transmISSIOn hnes whIch are 
Jomed at nodes [23). If a voltage pulse of umt magmtude IS mJected mto a node, as shown m 
FIgure 2.1, and the transmIssion hnes have characteristIc (or surge) Impedance ZTL, then as It 
reaches the node centre It expenences a mIsmatch The pulse 'sees' the other three transmISSIOn 
hnes m parallel, and thus a termmatIng Impedance of ZTL/3 By usmg transmISSIOn lme the-
ory It IS pOSSIble to determme the magmtudes of the transrmtted and reflected pulses as ~ and 
- ~ respectIvely. Th,s process IS known as scattermg. The pulses then propagate along theIr 
respectIve transmISSIOn hnes by a process known m TLM nomenclature as connectIOn towards 
nelghbounng nodes where they undergo further scattenng. 
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FIgure 2 I' Nonzero voltage pulses on a shunt connected TLM mesh 
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The combined actIon of scattenng and connectmg pulses IS consIstent WIth Huygens' pnnclple 
for lIght propagatIon [2.4). In other words, each node acts as a secondary, 'SOtrOP'C, rad13tor for 
energy and by the net effect waves propagate on the mesh For tlus reason the TLM method IS 
often vIewed as a d,scretlsed versIOn of Huygens' model for wave propagatIOn, although more 
ngorous vlewpomts have been adopted [2.5). 
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2 2 1 Shunt networks 
If a smgle shunt connected node IS isolated from the TLM mesh shown m FIgure 2.1 the wave 
properues may be examined m more detail. FIgure 2 2 shows an mdlVldual shunt node along 
WIth ItS lumped element eqUIvalent cIrcuit 
'Vxnz 
ZTL=~ 
U - I TL - JtC 
.. 
t.1 .. 
L~l 
-2-
tVypz 
L~l 
-2-
L~l 
-2-
Vz 
'Vynz 
'Vxpz 
FJgure 2.2 Shunt node made from coaxlal transmlSSlOn hnes and the lumped element eqUlvalent ClrcUlt 
The network is convemently analysed by assummg that the space step IS small, I e t.l --+ O. By 
observmg that V = - L ~f for both propagatIOn directIOns and that I: I = -C~~ at the node 
centre, the parlIal d,fferenlIal equatIOns whIch govern the network may be expressed As shown 
m equalIon group (2.1), these are Isomorpluc to Maxwell's equatIOns for TM field d,stnbulIons 
(In tlus case contaImng nonzero field components of Hx, Hy and Ez only). 
8Ez 8Hx 8Vz 
_L 8Ix 
= -J.L- = 8y 8t 8x 8t 
8Ez 8Hy +------+ 8Vz 
_L 8Iy (2.1) 
= -J.L- = 8x 8t 8y 8t 
8Hy _ 8Hx 8Ez 8Ix My 
_2C 8Vz = €-- -+- = 8x 8y 8t 8x 8y 8t 
DlfferenlIalIng subsequent paus of equalIons WIth respect to x, y and t respectIvely and subslI-
tutmg to remove the magnetIc field components, an IsomorphIc patr of scalar wave equatIOns IS 
produced, I e.: 
82Ez 82Ez 82Ez 
8x2 + 8y2 = J.L€ 8t2 (22) 
A mappmg may therefore be estabhshed between components of the electrIC field (E) and elec-
tnc potentIal (V), components of the magnetIc field (H) and nodal current (1), perrmtllvlty (f) 
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and capacItance (C), and permeablhty (p) and mductance (L). 
The propagation velocity in the medIUm and on the TLM mesh are obtamed dIrectly from wave 
equatIOn pan (2 2) 
1 
U=--
,ftP. 
1 1 1 
UTLM = V2LC = V2 VLC (23) 
Therefore, If C models € and L models p, the propagation velocIty on the TLM network for 
waves IS ~ times the velocIty in the medIUm. It can be further deduced that the mtnnslc 
Impedance of the network IS ~ tImes the characteristic Impedance of an mdlvlduallmk-Ime 
A network wIth firute space step, Ill, shares these wave properties, provldmg III IS sufficIently 
small The relationship between fields and cirCUIt parameters are' 
E z f--t 
Vz 
- 2~r (' Vxnz + 'Vxpz + 'Vynz + 'Vypz ) III 
Hx f--t 
_ Iy ZT~IlI ('Vypz - 'Vynz ) (24) III 
Hy f--t 
Ix ZT~IlI ('Vxpz - 'Vxnz ) = III 
The scatter process demonstrated III F,gure 2 1 may be expressed algebratcally by a scattenng 
matnx, S, 1 e. 
rV = S'V (25) 
where 
rVxnz 
rv= 
rvxpz 
TVynz 
rvypz 
-1 1 1 1 
S=! 
1 -1 1 1 
2 1 1 -1 1 
1 1 1 -1 
'Vxnz 
'V= 
'Vxpz 
'Vynz 
'Vypz 
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and where superscnpts ~ and r denote mCldent and reflected quanlltles respectively This pro-
cess, combmed With the connect process forms a time steppmg algonthm operatmg With an 
mterval t:J.t (hereafter known as the tlme step) defined by: 
t:J.t = ~ = t:J.l "j2 (26) 
UTLM U 
2.2 2 Senes networks 
If the four transmission hne segments m the shunt node are reconnected m senes, another type 
of TLM network may be devised. The TLM senes node IS shown m Figure 2.3 along With ItS 
lumped element eqUivalent CITCUI!. The parllal dlfferenllal equaMns which govern thiS network 
LLl.1 
-2-
'V.nx t CLl.1 -2-
ZTL = fi6 LLl.1 -2-
U - I TL - '1tC 
.. 
t:J.l • 
lVXpZ 
-CLl.1 
-2-
V. 
--
LLl.1 
-2-
wtVx 
CLl.1 
-2-
-'Vxnz 
LLl.l 
-2-
t'V.px CLl.l -2-
FIgure 2 3 Senes node made from coaxial transrmSSlOn hnes and the lumped element eqUIvalent ClrcUlt 
for t:J.l --+ 0 are obtamed m a similar manner to the shunt node Observmg, m thiS mstance, that 
z= V = - L ~~ and that I = -Cft for each coordmate dlrecllon 
oEx oE. oHy oVx OV. 
_2L 01y 
----- = -p.- -+-OZ ox ot oz ox ot 
_oHy oEx oIy 
_CoVx (27) 
= €-- = OZ ot oz ot 
oHy oE. oIy 
_COV• 
= €-- = 
ox ot ox at 
As shown m equaMn group (2.7), the series node IS eqUivalent to Maxwell's equallons for a TE 
field dlstnbutIOn (with nonzero components m Ex, E. and Hy only). 
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A scalar wave equatIOn may be obtained by eliminating the electnc field components 
82H 82H 82H 821 821 821 
y + Y - He Y +------+ Y + y - 2LC y (2 8) 8x2 8z2 -,-< 8t2 8x2 8y2 - 8t2 
Examining equatIon (2.8) it can be seen that the wave velOCIty, and hence the tIme step are Iden-
tIcal to that of the shunt node. The relatIonshIp between field components and CIrCUIt quantItIes 
are: 
Hy +------+ 
Iy 
= 4Z:LLl.l·('Vznx + 'Vxpz - 'Vzpx - 'Vxnz ) Ll.l 
Ex +------+ 
Vx ~1'('Vznx + 'Vzpx ) (29) = Ll.l 
E z +------+ 
Vz 
- ~l ('Vxpz + 'Vxnz ) 
- Ll.l 
Because of the CUCUIt topology, the scattenng behavIOur IS dIfferent to that of the shunt node 
The scattenng matnx for the senes node IS' 
s=~ 
2 
1 1 1 -1 
1 1-1 
1 -1 1 
-1 1 1 
1 
1 
1 
and the incIdent and reflected voltage vectors are: 
'v= 
1VXpZ 
rVxnz 
rv= 
rvxpz 
2.2 3 Thevenm eqUivalent ClrcUlts 
(210) 
Once the propagatIon charactenstIcs and field mappings for the TLM scheme have been estab-
lished the focus can SWItch from Maxwell's equatIons to CIrcUIt theory. 
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A convement method for analysmg a vanety of problems mvolvmg transm[SSlOn Imes [S to 
generate a Thevenm eqUIvalent cIrcuit. 
X 
ZTL 1\ 
IVXY ..l! N 
Y 
'V!,_---L-------;----..... ~uTL 
.. 
1 uTL ..... I--- r------irV I • 
FIgure 2 4 Transmission lIne carryIng pulse of voltage' V, termInated with network N 
The purpose IS to simplify the cirCUit by replacmg part of It with an eqUivalent voltage source 
(the Thevemn voltage source) and a senes connected Impedance (the Thevemn Impedance) 
Figure 2.4 shows a transmiSSIOn Ime connected to a general network N The obJecllve of the 
followmg analysIs IS to replace the lme With an eqUivalent Thevemn c[rcUlt and thus facilitate 
the solutIOn of currents and voltages wlthm network N 
The first stage m obtammg the Thevemn eqUivalent CirCUit IS to select a pair of reference termi-
nals. These are denoted X and Y in the CirCUit shown m Figure 2.4. The next stage IS to find the 
open CirCUit voltage Vac at these terrmnals (see Figure 2.5(a)) When the lme IS untermmated the 
current flowmg at XY IS zero, and thus the reflected current magmtude must equal the mCldent 
current, i e : 
'V rv 
= 
ZTL ZTL 
(211) 
Furthermore, by applymg Kirchoff's Voltage Law, It can be shown that 
rv = Vcc - 'V (2 12) 
By subslltullng for rv m equallon (2 12) (from equallon (2 11» the Thevemn voltage may be 
obtamed, (see Figure 2.5(b)) I.e .. 
2'V = Vcc (2 13) 
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FJgure25 Stages m produemg a Thevemn eqUivalent e!feult 
The Thevemn Impedance is the value measured 'lookmg mto' the reference term1Oals, which IS 
simply the charactenstlc Impedance of the transmiSSIOn hne 
Therefore, the circUlt m Figure 24 may be represented by the Thevenm eqUlvalent shown m 
FIgure 2.5(c) This is a useful result which ruds the analysIs of scattenng both wlthm the node 
and between nodes Internodal scattenng will be covered m more detrul m Chapter 3 
ThiS type of analysIs may be applied to the senes and shunt networks m the manner shown 
m Figure 2 6. In the diagram general values are assumed for the transmission hne admlttances 
(denoted Yxz and Yyz ) m the shunt node and the Impedances (denoted Zxz and Zzx) m the senes 
node2 • 
The reflected voltages are calculated by replacmg each transmiSSIOn l10e wIth ItS Thevemn 
eqUlvalent and then apply10g equations of the form. 
rv= vXY -'V (214) 
Although tlus analysIs IS relatively tnvlal m the case of simple shunt and senes C!fCUltS, It 
becomes of greater Importance when additIOnal features such as stubs are added 
2 Note that by defimtIOn Yz.t: = z~" etc and the use of charactenstIC Impedance or admittance IS purely for 
mathematical convemence 
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FJgure 26 Thevenm equIvalent CIrCUIts for (a) the shunt node and (b) the serIes node 
2 2 4 Inhomogeneous and lossy matenals 
Real-world problems frequently contam d[electrlc and other materIals where the speed of waves 
dIffers from that m the background material. The TLM fonnulalIOns shown m the prevIOus sec-
lion cannot handle tlus property because m order to mamtam synchromsm [t IS necessary for the 
transIt lime of pulses to be umfonn across the enlIre mesh, I e vie = a constant This means 
that m pnnclple the wave velOCity m the model must also remam constant (see equatIOn (23» 
To overcome this apparent difficulty, the concept of stubs has been mtroduced [26] Stubs 
are Widely used m microwave Cif CUlts and are reaclIve elements fanned from transmission lme 
seclIOns. TIns concept can be transferred directly to TLM. 
CapacItIve stubs are achieved by, conceptually, leavmg one end of the transm[SSlOn lme sectIOn 
fonnmg the stub as an open Cif CUlt (I e. numencally applymg a + 1 voltage reflectIOn 
coeffiCient) This allows a localised mcrease m capacitance, and hence penn[tlIvlty, to be 
modelled in shunt-connected networks The charactenslIc admittance of a capacil[ve stub 
associated with coordmate direction z of value Co. may be expressed as a functIOn of the 
lime step 
(2 15) 
Inducuve stubs are acIneved by, conceptually, short-circuiting one end of the transmiSSIOn lme 
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section forming the stub (i.e. numerically applying a - 1 voltage reflection coefficient). 
This allows a localised increase in inductance, and hence permeability, to be modelled in 
series-connected networks. The characteristic impedance of an inductive stub associated 
with coordinate directi on i of size L,i may be expressed by: 
z . _ 2L,i 
.. - t:l. t (2. 16) 
An example of a 2-D TLM model incorporating inhomogeneous material is shown in Figure 2.7. 
Figure 2.7: Beamforming action of lhe melon of the Harbour Porpoise- an example of inhomogeneous 
material modelling in an underwater acoustics problem 
Stubs of this type are designed so that the time taken for a voltage pulse to propagate towards and 
then return from the mismatch is equal to the time step. In other words, the stub may be of any 
length providing any pulses reflected from it enter the node in ynchronism with incident pulses 
from the link lines. By using stubs it is therefore possible to increase the local permittivity or 
permeability without affecting mesh synchronism or changing the link line impedance. 
If the stub is infinite in length, it may be viewed as a lossy element, i.e. any pulse (and therefore 
energy) entering the stub is effectively dissipated. An infinite transmission line segment may 
therefore be represented by a resistor in the equivalent circuit of the node. Lossy stubs require 
no adclitional storage to implement since no reflections occur during connection. 
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Shunt conductance Ge• may be mtroduced mto the shunt CircUit to give electric losses (Fig-
ure 2 8) and senes resistance Rmy may be mtroduced mto the senes circUit to give magnetic 
losses (Figure 2.9). 
y 
<Xl ~' 
z 
FJgure 2 8: (a) Structure and (b) Thevemn eqUIvalent CIrCUIt of a lossy shunt node 
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FIgure 2 9 <a) Structure and (b) Thevenm eqUIvalent CIrcUIt of a lossy senes node 
2.3 Three-dimensional node types 
As explaIned at the start of tlus chapter, the capabilItIes of the shunt and senes nodes are reqUired 
In three dimenSions for TEM field distnbutIons. The first 3-D TLM algonthm, USIng the so-
called expanded node, was descnbed by Akhtarzad and Johns [2.7] The eqUIvalent CircUIt 
consIsts of three shunt nodes and three senes nodes electncally connected. The accuracy of 
the expanded node is limited as the field component measurements are made at different spatIal 
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points wlthm the node It IS also regarded as mefficient in tenns of computational resources 
smce each 2-D node reqUires entirely separate treatment [2 8] The difficulties caused by spatlal 
separatIOn of the field components were later rectified by Saguet and P,C m the Asymmetrical 
Condensed Node (ACN) [2.9] The ACN uses less computer memory and provides all of the 
field components at a smgle pomt, however Its asymmetry IS mconvement For example, the 
way m wluch problem boundanes are Implemented depends on the onentatlOn of the nodes to 
Wluch they are applied. 
A 3-D scalar node has been developed by ChOl and Hoefer for solvmg problems which can be 
decomposed mto TM or TE modes [2.10]. T1us IS a natural development of the 2-D shunt node 
mto three dimenSIOns and as such IS extremely effiCient in tenns of storage and computation 
Due to Its lack of generality, however, It has few applicatIOns m EMC situatIOns and has not 
been Widely studied. 
The most slgmficant development m 3-D TLM IS undoubtedly the symmetncal condensed node 
(SCN) mtroduced by 10hns [1.19]. The success m producmg a symmetrical node With all SIX 
field components aV3.llable at a single point m space-time was Imtlated by a conceptual leap 
m TLM theory. Where earlier node types were developed by the ad hoc deSign of electri-
cal networks, the SCN was fonnulated more drrectly from Maxwell's equatlOns3 As Will be 
demonstrated, It IS convement to use a combmatlon of CircUit theory and Maxwell's equatIOns 
m order to charactense the behavIOur of the SCN and Its denvatlves. 
Symmetncal condensed node types have been used exclUSively for the work m thiS theSIS as 
they are the most effiCient and general nodes for use in EM models. 
2 3 1 Symmetncal condensed nodes 
The symmetncal condensed node may be derived m a vanety of ways Ongmally, 10hns gen-
erated the scattering matrix from first principles by mspectmg Maxwell's curl equatiOns, and 
applymg the pnnclples of energy and charge conservatIOn to the node [I 19]. ThiS method 
becomes cumbersome With more advanced SCN types. Other mvestlgators have subsequently 
applied more general techmques, such as direct denvatlon by a process of centered dlfferenc-
Ing and averaging [2 12], or by JOintly applYing the pnnclples of electric charge conservatIOn, 
3 An eqUIvalent CIrCUIt for the SCN has been denved by Mlakar [2 111, however It IS very seldom useful In the 
modelling process due to Its lugh complexIty 
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magnetIc flux conservatton, electnc field conttnUlty and magnettc field contmUlty [2 13] In all 
of these denvattons the convemence of applymg CIrcUIt theory to denve the scattenng matnx IS 
somewhat redundant. Thts IS unfortunate, smce one of the more powerful features of TLM IS 
ItS CIrCUIt analogy. 
A more mtUlttve method has been recently reported by Portf et al. [2.14] whIch preserves the 
role of CIrCUIt theory more strongly m the modellmg process ThIS techmque WIll be referred 
to as the method of common and uncommon lmes The techmque WIll be explamed m the next 
sectIon and It WIll be shown how thIS can be apphed to symmetncal condensed nodes 
2 3 2 The method of common and uncommon lmes 
If a paIr of 2-0 nodes are selected, such as the shunt and senes nodes shown m FIgures 22 
and 2 3, a 3-0 model can be Imagmed whIch sattsfies Maxwell's equatIOns for a pulse entenng 
one of the ports common to both, i e xnz or xpz The shunt CIrCUIt IS assocIated WIth Ez (by 
the voltage Vz ) and the senes CIrCUIt WIth Hy (by the current Iy) 
The method of common and uncommon hnes assumes that the shunt and senes ClrcUlts are 
somehow connected, however no attempt IS made to construct a full eqUIvalent CIrCUIt Instead, 
the analYSIS assumes that a pulse IS mCldent on one of the transmIssIon hnes common to both 
ClrcUlts (I e .• Vxnz or • Vxpz m FIgure 2 6). Because there IS no couphng between uncommon 
hnes (on ports ypx, ynz, znx and zpx) the reflected voltages in those transmISSIOn hnes may 
be calculated dIrectly from the eqUIvalent CIrCUlt of the appropnate 2-0 node. 
The reflected voltages m common hnes are calculated by observmg that scattenng IS an m-
stantaneous process, and can be vIewed as electro- and magnetostatlc The couphng between 
common hnes may therefore be mathematically imposed by ensunng that" x H = 0 (charge 
IS conserved) m the shunt node and " x E = 0 (magnettc flux IS conserved) in the senes 
node dunng scattenng. Tlus condltton leads to a p31r of SImultaneous hnear equattons whIch 
can then be solved to give the magmtude of pulses reflected mto the common hnes The tech-
mque IS general and allows features developed m 2-0 nodes to be rapIdly mcorporated mto 3-0 
symmetncal condensed node forrnulattons 
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2 3.3 The symmetncal condensed node WIthout stubs 
The method of common and uncommon hnes may be Illustrated by denvmg the scattenng 
matrIx for the SCN WIthout stubs. The eqUIvalent cIrcuits shown m FIgure 2 6 are assumed 
wIth all hnk-hnes of equal charactenstIc Impedance and a umt magnItude pulse mJected mto 
a common lme, i e 'Vxnz = 1. As has been explamed, the reflected voltages mto uncommon 
hnes are produced from theIr respectIve shunt and senes eqUIvalent cIrcUIts, I e 
rv. _ 1 
ypz - 2' 
rv. I ynz = 2' 
rv. _ 1 
znx - 2" 
rv _ 1 
zpx - -2' 
Applying the pnnclple of electrIc charge conservatIon to the shunt node 
!(2G)('Vxnz + 'Vxpz + 'Vypz + 'Vynz ) = !(2G)(rVxnz + rVxpz + rvypz + rVynz ) 
Slmphfymg and substItutmg the known quantItIes: 
=? (1 + 0 + 0 + 0) = ('Vxnz + rVxpz + ! + !) 
=? rVxnz + rVxpz = 0 (2.17) 
Applymg the pnnciple of magnetIc flux conservation to the shunt node 
!(2L)('Vxnz + 'Vzpx - 'Vxpz - 'Vznx ) = !(2L)(_rVxnz - rVzpx + rVxpz + rVznx) 
Slmphfymg and substItutmg 
=? (1+0+0+0) = (_rVxnz - (-!) +rVxpz +!) 
(218) 
Therefore 
rVxnz = 0 
rvxpz = 0 
2 Background and features of the TransmlSSlOn Lme ModellIng method 28 
By followmg similar analysis for other ports, the enure behavIOur may be charactensed by a 
surpnsmgly elegant scattenng matnx 
"VYnl: 0 1 1 0 0 0 0 0 1 0-1 0 IVllRX 
TV
znz 1 0 0 0 0 1 0 0 0-1 0 1 'Vznz 
rvzny 1 0 0 1 0 0 0 1 0 0 0-1 IV:Z: nll 
"VZRlI 0 0 1 0 1 o -1 0 0 0 1 0 IVZRY 
"VlInz 0 0 0 1 0 1 0-1 0 1 0 0 'V1.mz 
rVznz 1 0 1 0 0 1 0 1 o -1 0 0 0 'Vz •u TV= SIV::::> = (2 19) rvlIPz 2 0 0 0-1 0 1 0 1 0 1 0 0 IVlIPZ 
TVZPlI 0 0 1 0-1 0 1 0 0 0 1 0 'VzPv 
rvzp:.: 1 0 0 0 0-1 0 0 0 1 0 1 IV: pX 
TVXpZ o -1 0 0 1 0 1 0 1 0 0 0 'V:CPl: 
TV:CPlI -1 0 0 1 0 0 0 1 0 0 0 1 'V.:z: PlI 
rvlIPZ 0 1 -1 0 0 0 0 0 1 0 1 0 IVypz 
By !Ius method It IS possible to generate all of the entnes m a scattenng matnx, S for the SCN by 
consldenng a total of three node pans Unlike the expanded node, the shunt and senes networks 
are purely used as analytical tools and do not reqUire separate computauon. As a result the node 
has all SIX field components condensed at a smgle pomt in space and with better effiCiency than 
earlier 3-D nodes Because the CircUit diagram of the SCN is complex It IS nonnally shown 
schematlcally as a 3-D cruclform With the hnk hnes shown m bold (see Figure 2 10) 
The low-frequency propagatIOn charactenstlcs of the SCN may be obtamed by consldenng a 
large mesh carrymg a plane wave. It can be shown that the ume step for the SCN IS 
Ilt = III 
2c 
(220) 
The method of common and uncommon hnes IS extremely simple, but IS SUitable for all sym-
metrical condensed node types. It has been shown to be particularly useful for charactensmg 
scattenng m nodes mcorporaung complex features such as thm wires [2 14] 
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FJgure 2.10: The Symmetncal Condensed Node (SCN) after Johns [I 19] 
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2 3 4 Symmetncal condensed nodes for mhomogeneous and anIsotropIC matenaIs 
So far, cubIc cells and homogeneous matenal have been assumed for the symmetncal condensed 
node. In real models It IS desIrable to model cells which have rectangular faces In order to 
allow Inhomogeneous materials to be effiCIently incorporated. The ability to model amsotroplc 
matenals may also be required 
By examimng the electncal properues of the amsotrop'C, nonumform, linear block of space 
shown In FIgure 2 11, It is possIble to wnte down the capaCitance, Inductance, electnc con-
L.z y 
..-------......~ ~'-----I 
FIgure 2 11 Arbitrary hnear block of space 
ductlvlty and magnetIc conduCtIVIty for each coordInate rurectlOn. The constItutive parameters 
are: 
(221) 
(222) 
(2.23) 
(2.24) 
where 1,), k are dummy indices such that (I,), k) E {(x, y, z), (y, z, x), (z, x, y)} and L" C., 
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G eh and Rm. are the total inductance, capacitance, electric resistance and magnetic conductance 
of the block m coordinate direction ,. 
Parameters of the TLM node 
There are only two fundamental constramts which must hold for a general SCN 
I. The total capaCItive and inductive contnbutIon by Imk-IInes and stubs must correspond 
to that of the block of space m each coordmate direction 
2. The transit time of pulses on link-lines must be umform for the node (and mdeed, over 
the whole mesh). 
The former constramt may be compactly expressed by a set of equations [2.15] 
(225) 
(2.26) 
The latter constramt may be mcorporated by expressmg link-line Impedances as a functIOn of 
the Hme step 
z = L.,/1, 
., /1t (2.27) 
or as a link-line admittance, y,,: 
y. = C.,/1, 
., /1t (228) 
By rearrangmg and substituting, the IInk-Ime capacitance and mductance terms may be elIm-
mated from equations (225) and (2.26). Further substitutIon for Ck and Lk, and for the stub 
capacitance and inductance (obtamed from equations (2.15) and (2 \6)) Yields' 
(229) 
(230) 
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T1us pair of equations encompasses all of the fundamental constramts for the SCN and Its 
denvauves. 
Lossy nodes are accounted for by mtroducmg mfimte-Iength stubs m a Similar manner to that 
descnbed for 2-D nodes The lossy stub Impedances are those gIVen m equaUon (223) for 
the eqUivalent shunt CirCUit and equation (2.24) for the eqUivalent senes CirCUit [2 16, 2 17) A 
method which more closely models the penneablhty charactenstlcs of femte matenals by usmg 
parallel resistive elements on short-CircUit stubs has also been descnbed [2 18) 
Advanced node types 
Further conditions may be apphed to equations (2 29) and (2 30) to obtam a variety of node 
types. Some of the more slgmficant developments are summansed m Table 2.1. 
For stubbed nodes, the Ume step and hnk Ime parameters are denved by mSlstmg that the stub 
values are nonnegauve4 and substltutmg the appropnate constramts. For the symmetncal su-
percondensed node (SSCN), the parameters must be denved by solvmg a cubiC mequahty smce 
there are no stubs 
Once the parameters are obtamed, the scattenng behaVIOur may be detennmed from the Tbevemn 
CirCUits descnbed prevIOusly. AltemaUvely, the parameters may be substituted mto the empm-
cal fonn ongmally proposed by Naylor and Alt-Sadl [2.19): 
(231) 
(232) 
Calculations Implemented m this fonn are known to be more computatlonally effiCient (I e 
reqUire fewer calculauons) than scattenng matnces, however denvmg the parameters can be 
more difficult 
4 NegatIve stubs act as generators resultmg 10 lOstablhty of the TLM algonthm 
'" Node type ConditIons Link Imes Lossless stubs Time step constramts III 
., 
" 
ZIJ == Zo 
ZIJ = Zo = ..!... = IFfo ~ At = Al a c SCN Zst = 0 Yo EO none 
'" (alltdenucal) 2e t:l. Y01 =0 ., 
'" t:l. 
'" 
., 
C 
Y. = 2V. ( ... AJAk 2) Llt < En ~J ll.k ~ 01 0 cAtAt 0 
.... 
Z'J = Zo (three open ClfCUlt, electrIc) - 2c6., So 
STUB·LOADED SCN Z,) ;:::: Zo 
Z = 2Z (P .. AJAk 2) " (alltdentlcal) III 0 cLltLl' .6.t < I'T, LlJLlk ::;l .. 
- 2c6., 
'" (three short CircUIt, magnetic) ~ 2 
~ 
~ 
0 
'" HYBRID SeN. TYPE I Z - Z - Z I'rk Llttl] [' .. AJAk 2eAt (AJ Ak) 1 f5 Z'J = ZJI Y01 = 2Yo - -- --- + -- At < 2- 2fra (HSCN (I) I) - )1 - 0 2cLltllk c6.tLlt Llt PrJllk Prk6.J " Z". = 0 (three different) - 2e [p,,(AJl']-l + [!",(Ak)']-l g:: [220.221J (three open ClfCUIt, electnc) ~ 
'" 
"" HYBRID SeN, TYPE 11 Er k.6.tLlJ Z = 2Z [!' .. AJAk 2eAt (AJ Ak) 1 S " Y.k = 1)k Y.k ;::::; YJk = Yo 2c.6.ttlk SI 0 cLltLlt & ErJLlk + ErkAJ At < 2- 2p.r, So (HSCN (II) 0 
Yo• =0 (three different) - 2e [.,,(AJ)'] 1 + [.,,(Ak)']-l t:l. [222.221J (three short ClfCUIt, magneuc) 
SYMMETRICAL 
SUPER CONDENSED Yo • =0 
see references [223] and [2 24J SIX. different none 
NODE (SSCN) ZSI = 0 
[223.224J 
TabJe 2 J PropertIes of symmetrIcal condensed nodes 
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2.4 Discussion 
The appropnate chOice of SCN type depends strongly on the apphcatlOn If umfonn cells, 
free space and perfect electncal conductIng boundanes are a reasonable apprOXimatIOn, then 
the standard unstubbed SCN offers the most appropnate chOice Tlus node has the mInlfnUm 
storage requirement, computation and programming compleXIty. 
Automotive components and whole velucles are likely to reqUire the ability to model matenals 
In more detail, and tlus reqUires the use of one of the stubbed node types, or the SSCN In 
addlUon, the ability to use non-umfonn aspect ratio cells IS hkely to be reqUired for geometncal 
and effiCiency reasons, and tlus also dictates the use of stubs or the SSCN. 
Selecting wluch node to use depends on a range of factors IncludIng: 
• The maximum time step avrulable from the node. 
• The mlmmum storage requlfement wluch can be achieved 
• The number of calculatIOns In scatter and connect. 
• The runount of complexity to Implement. 
The stub-loaded SCN IS well estabhshed, Widely venfied, and IS easy to Implement III Its stan-
dard fonn In the absence of Internal boundanes, It requlfes no transmissIOn/reflectIOn process 
to be modelled between nodes (see Chapter 3 for more detruls) and tlus IS convement Unfortu-
nately, the stub-loaded SCN requires 50% more storage than ItS unstubbed counterpart, and thiS 
IS undeSirable In addition, as is shown In Table 2.1, the time step IS the mmlmum value of two 
expressIOns, one relatIng to penneablhty, and one to penneabillty 
It has been shown that the SSCN offers a lugher time step m certam Circumstances, and has a 
lower storage reqUIrement than other comparable SCNs. Another advantage of removmg the 
stubs IS that unstubbed nodes tend to have more umfonn dispersion charactenstlcs The SSCN 
has the disadvantage that It requues more computation than other nodes, and IS more complex 
to Implement In addition, It has not to date been tested as ngorously as other node types. 
The hybnd node has some of the advantages of fully stubbed nodes and supercondensed nodes 
and appears to be a good compromise. If a umfonnly graded mesh IS reqUired With dlelectnc 
L-________________________________________________ _ 
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matenals then It may be preferable to use type I HSCN smce thiS will aVOid havmg to apply 
reflectIOn coefficients between nodes. In additIon, the type I needs margmally less computatIOn 
as no Sign change IS reqUired when computmg the mCldent voltages for stubs dunng connectIOn 
2 4.1 ExcItatIOn and measurement 
ExcitatIOn and measurement of fields m the symmetncal condensed node IS achieved by m-
Jectmg or measunng voltage pulses at the node's ports. It IS conventIonal to perfonn these 
operatIons on incident voltages, although It IS equally possible to use reflected voltages. 
Measurement is simply a matter of detennmmg the voltage at the centre of the eqUivalent shunt 
ClfCUlt, V;, which IS sometImes referred to as the eqUIvalent total voltage The electnc field IS 
detennmed from: 
E, = _ V; 
~~ 
(233) 
The current m the senes circUit, I" tenned the eqUlvalent total current IS used to detennme the 
magnetic field: 
H-~ 
. - ~~ (234) 
ExcitatIon IS the reverse process, With the Important dIfference that the mJected voltages are 
applIed symmetncally about the node centre. Tlus prevents uncompensated charges bemg m-
troduced If, for example, a field of E = Eoz IS to be eXCited In an unstubbed SCN m free 
space 
Eo = - 2~1 ('Vxnz + 'Vxpz + 'Vynz + 'Vypz ) 
By applyIng symmetry, the Injected pulse magmtudes reqUired are 
IT, _IT, -'v, -'v, - lE Al 
"xnz - Yxpz - ynz - ypz - -2' QL..l. 
(2.35) 
(236) 
ConductIng nodes are sometImes used In models to represent structures They are Implemented 
by applymg a short-circuit condition to the node centre, and thus the scatter operatIOn IS merely 
(237) 
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Currents may be mJected mto this type of node by excltmg space nodes m a contmuous path, p, 
surroundmg the conductor to satisfy Ampere's law 
Iconductor = l H . dl (238) 
where dlls the vector which descnbes the path around the contour p 
Whichever method is used, It is important to ensure that the spectral components of the excita-
tion function do not exceed the upper frequency hmlt of the mesh This IS achieved by choosmg 
a functIOn wJuch has very low magmtude high-frequency components, such as a Gausslan pulse, 
or by prefiltenng arbitrary excitation With a low pass filter to remove any unwanted spectral 
components 
2.5 Source of errors In condensed node fonnulatlOns 
The sources of error m the TLM method are generally well understood In automotive apphca-
tlOns the compleXity of geometry means that the mdlVldual contributIOn of a particular source of 
error IS difficult to estimate For thiS reason the mmlmlsatlOn of all types of error IS an Important 
Issue. 
2 5 I VelOCIty error 
Due to the dlscretlsed nature of the TLM model, the propagation charactenstlcs are amsotr0pIC, 
I.e. the model IS chsperslve. The effects of chsperslOn are mlmmlsed at low frequencies where 
the space step, L11, is much smaller than the wavelength, )', m the model. The proVISIOn of 
a SUitable number of nodes IS therefore fundamental to the overall model accuracy The first 
formal analysIs of the propagation charactenstlcs of the unstubbed SCN was conducted by 
Nielsen and Hoefer [2.25]. The key findmgs of the study were: 
• On-aXJs disperSIOn IS zero 
• MaXimum disperSIOn occurs m the [1 1 1 J directIOn 
• The disperSIOn charactenstlcs of the SCN are supenor to both the expanded TLM node 
and the Yee cell (FDTD) 
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Flgure 2 12 Nonnahsed wave vector magnItude for dIfferent gnd resolutIOns from the analytICal fonn 
of Nielsen and Hoefer [2 25] 
S,mllar analysIs has been completed for the stub-loaded SCN [226], and for a range of ad-
vanced node types [2 27] In pracllce, for all node types the space step must be chosen so that 
AI fl.l ~ 10 to mInImIse the effects of dIspersIon ThIS hmlt IS typIcal of most low frequency 
modelling methods, and is often referred to as the cutofffrequency. In automotIve models there 
IS hkely to be a mIx of matenals m use wluch may have dlffenng wave propertIes, and thus the 
mInImum number of nodes reqUIred in each regIOn of the model vanes ThIS IS an Important 
conslderallon because the mclusIOn of even a small volume of very lugh perrnIttlvlty matenal 
may mean that a large number of nodes IS required 
252 Spunous modes 
As WIth most numencal methods, TLM suffers from some non-physIcal solutIOns These are 
tenned spurIOus modes and were first charactensed analyttcally for the SCN by NIelsen [228] 
Spunous modes occur at high spallal frequencIes (A "" 2fl.l) wluch are well beyond the cutoff 
frequency of the TLM mesh, and can be viewed as the resonant modes of the numencal method 
Itself. In some cases they propagate without attenuallon and can have slgmficant relattve mag-
mtude, espeCIally m models of hIghly lossy systems. 
Due to theu lugh frequency nature, they propagate WIth severe dtspersIOn. Tlus IS m Itself a 
problem smce the energy dlstnbutton m the model can be severely dIsrupted, but It can also 
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accentuate the stablhty problems found m certam spec13hsed techmques such as time-space 
extrapolated absorbmg boundanes (see Chapter 4) In addlllon, the energy coupled mto spunous 
modes can lead to unpredictable losses and thus errors m the modelled Q-factor. Other problems 
such as frequency sluft of observed resonances are also attnbutable to the presence of spunous 
modes 
Spunous solutions are generated by temporal or physical d,sconllnUllles m the modelled system 
They are either caused by lugh-frequency components m the excltallon, or by sharp corners 
of objects or eXCitatIOn volumes wlthm the model AVOldmg high-frequency components m 
the Ilme domam IS easIly achieved through signal processmg of the excltallon Signal (Iow-
pass filtenng), or by selecting a funcllon wluch IS band limited However, aVOldmg spallal 
dlscontmUllles can be more difficult, smce sharp edges often occur m models. 
In the vast maJonty of Situations encountered m automollve EM models, providmg reasonable 
care IS exercIsed, spunous solutIOns can be reduced to a neghglble level. Even If spunous modes 
are aCCidentally eXCIted, they occur well beyond the cutoff frequency of the mesh and can often 
be Ignored or filtered out of the results. 
2.5 3 Coarseness error 
Another Important consequence of the discrete nature of the TLM method IS termed coarseness 
error. Coarseness error occurs where the gnd resolullon is madequate to resolve rapid spatial 
vanallons m the field dlstnbullOn. This typically occurs near to sharp corners of objects or 
between adjacent conductors. The error can be reduced by a number of means, such as locally 
mcreasmg the gnd resolullon, or by employmg spec13hsed corner nodes [2.29] Some of the 
features of velucle geometry are prone to modelhng error related to coarseness, although It IS 
not clear how Significant this type of error is when compared to that ongmatmg from other 
sources. 
2 5 4 Geometrical approXImatIOn error 
A rectangular coordmate system IS normally used to dIscretise objects for modellmg, although 
curvIlmear meshes may be used [2.30, 2.31]. Wluchever coordmate system IS m use, a loss 
of resolullon dunng the discretlsation process IS mevltable smce surfaces and volume regIOns 
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must be mapped onto the mldpomts of the hnk lines and nodes respectlvely. The model IS 
often termed a staircased (2-D TLM) or sugar-cubed (3-D TLM) approximatIOn of the physIcal 
system This type of geometncal approximatIOn can mtroduce slgmficant error, parllcularly 
where the surfaces to be modelled are curved or mclmed at an angle to the coordmate axes 
A number of mvestlgators such as German [2 32) and Melton et al [2 33) have proposed al-
gonthms to allow reflectlve boundaries to be more accurately placed In SCN meshes and thus 
aclueve better conformIty to real-world geometry. 
Curved and sloped boundanes are a promment feature of modern vehicles for aerodynamiC 
and aesthetic reasons The ablhty to Improve the geometncal accuracy Without mcreaslng the 
number of nodes m the model IS therefore Iughly deSlfable. 
2 5 5 ImplementatIOn related errors 
As With all numencal methods, the actual algonthm ImplementatIOn has a fundamental role 
to play m accuracy Digital computers operate With a fimte numencal accuracy and certam 
numencal operatIOns introduce error by their nature. Errors from thiS source are covered m 
detail m Chapter 5. 
2.6 A pictorial review of capabilities for automotive models 
The last sectIOn has Iughhghted some of the Inherent hmltatlOns With the TLM method. As 
has been commented, many of these have knock-on effect on the effiCiency. Fortunately, the 
situation can be Improved by applymg speclahsed modelling techmques to cope With problem-
allc features In the phYSical system. A bnef review of some of the methods which have been 
developed IS shown In Figure 2 13 ThiS thesIs alms to address the effiCiency Imphcatlons In 
more general terms; In partlcular the number of nodes and amount of computatiOn reqUired 
Absorber models The charactenslcs of RF ab-
sorbmg matenals reqll1re specIahsed treatment 
Several schemes for modellIng the behavIOur of 
absorbers have been prT
ed 
[2 3;;;'~;~;;~;I~~:;~can~:~~:!::: 
Thm wire modelst The dimensIOns of wrrcs (e g. 
In antennas) are often small compared With the 
TLM space step, lead10g to slgmficant errors TIun 
wire nodes have been developed to allow wtreS to 
be accurately and effiCiently modelled [2 42, 2 43J 
field d,stnbutJon (see SectIOn 25 3) The result-
mg computatIonal overhead may be mlrumtsed by 
mcorporatmg a sub-cellular slot model [2 37J 
Thm films Some vehicle shells are made from 
non-metallIc matenals, such as Carbon FIbre 
CompoSIte (CFC), which allow Slgmficant field 
penetratIOn Methods have been developed to 
model the diffUSIOn of fields through thIS type of 
matenal [238,239,240,2 41J 
Multlconductor models Vehicles normally con-
tam looms of tightly packed, thm wires A tech-
mque has been proposed which allows multIple 
conductors to be effiCiently placed m TLM mod-
els [2 44J 
~(~ __ -.:s .-t--~ See Section 2 5 4 
t Accordmg to BabmeCs pnnclple, the problems of thm WIres and of narrow slots are closely related [2 45] 
FJgure 2 13 Features of the TLM method of partIcular relevance to EMC studIes of vehIcles 
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2.7 ConcluSIOn 
The ongms, pnnclples and errors of the lLM method have been descnbed It has been shown 
that 3-D condensed node types are closely related to 2-D shunt and senes types. The method of 
common and uncommon lines has been applied to the SCN for Illustrative purposes 
It has been argued that the Hybnd SCN offers the most appropnate selectIOn for current auto-
motive EM modelling, based on SimpliCity of computation and time step consideratIOns 
The lLM method has the ability to model complex matenal types, thm conductors, thm films 
and narrow slots. The ability to represent these physical features makes it well SUited to auto-
motive EM models. 
References 42 
References 
[2.1] G Kron, "EqUivalent CircUit of the field equatIOns of Maxwell-I," Proc Inst RadIO 
Engrs, vo!. 32, pp. 289-299, May 1944 
[22] S. Akhtarzad and P. B. Johns, "Generalised elements for t I m. method of numencal 
analysIs," Proc. lEE, vo!. 122, no. 12, pp 1349-1352,1975. 
[2 3] C. Chnstopoulos, The Transmission-Lzne Modelzng Method TLM. IEEElOUP Senes 
on Electromagnetic Wave Theory, New York, USA; Oxford, UK IEEE Press, Oxford 
Umverslty Press, 1995. 
[2.4] C. Huygens, Tralte de la Lumlere. Lelden, 1690. 
[2 5] M Krumpholz and P Russer, "1\vo-dlmensional FDTD and TLM," Int J Numerzcal 
Modellzng· Electronzc Networks, DeVIces and FIelds, vol 7, pp 141-153, 1994 
[26] P B Johns, ''The solution of inhomogeneous waveguide problems usmg a transmlSSlOn-
Ime matnx," IEEE Trans. M,crow. Theory Tech., vo!. 22, no. 3, pp. 209-215, 1974 
[27] S Akhtarzad and P. B. Johns, "Solution of 6-component electromagnetic fields m three 
space dimensIOns and time by the t I m method," Electron. Lett , vo!. 10, no 25/26, 
pp. 535-537, 1974. 
[2.8] P. Saguet, ''The 3D transmissIOn-line matnx method Theory and companson of the 
processes," Int J Numerzcal Modellzng Electronzc Networks DeVIces and FIelds, vol 2, 
pp. 191-201, 1989. 
[2 9] P Saguet and E. PlC, "Utilisation d'un nouveau type de noeud dans la method TLM en 
3 dimensIOns," Electron. Lett, vo!. 18, no. 11, pp. 478-480, 1982 
[210] D. H. Choi and W. J. R. Hoefer, ''The simulation ofthree-dlmenslonal wave propagatIOn 
by a scalar TLM model," m MTT SymposIum Digest, (San FranCISco, CA, USA), pp 70-
71, IEEE, 1984. 
[2.11] J. Mlaker, "CircUit model for a symmetrical condensed TLM node," Int. J Numerzcal 
Modellzng: Electronic Networks DeVIces and FIelds, vol 6, pp 183-193,1993. 
References 43 
[2 12] H. JIn and R. Vahldieck, "DIrect denvatlOns of TLM symmetncal condensed node and 
hybnd symmetncal condensed node from MaxweU's equatIOns uSing centered dlffer-
enclng and averaging," IEEE Trans. Microwave Theory Tech ,vol 42, no 12, pp 2554-
2561, 1994. 
[2 13] V. Trenkic, C. Chnstopoulos, and T. M. Benson, "SImple and elegant formulatIOn of 
scattenng In TLM nodes," Electron. Lett, vol 29, no. 18, pp 1651-1652, 1993 
[2.14] J. A. Porti, J A Morente, and M. C Carn6n, "SImple denvatlOn of scattenng matnx for 
TLM nodes," Electron Left., vol. 34, no. 18, pp 1763-1764, 1998 
[2.15] V. Trenktc, The development and charactenzatlOn of advanced nodes for the TLM 
method. PhD theSIS, Umverslty of Nottmgham, November 1995. pt. I, pp 18-19 
[2 16] P. Naylor and R. A. Desat, "New three dImensIOnal symmetncal condensed lossy node 
for solutIOn of electromagnettc wave problems by TLM," Electron Lett, vol 26, no 7, 
pp 492-494, 1990. 
[2.17] F J. German, G. K. Gothard, and L. S RIggs, "Modelhng of matenals WIth electrIc and 
magnettc losses WIth the symmetncal condensed TLM method," Electron Lett, vol 26, 
no. 16,pp 1307-1308,1990. 
[2.18] J F. Dawson, "Improved magnettc loss forTLM," Electron. Lett., vol. 29, no 5, pp 467-
468,1993. 
[2 19] P Naylor and R Alt-Sadl, "SImple method for determining 3-D TLM nodal scattenng 
In nonscalar problems," Electron Lett, vol. 28, no 25, pp 2353-2354, 1992 
[220] R A. Scaramuzza and A. J. Lowery, "Hybrid symmetrIcal condensed node for the TLM 
method," Electron Lett., vol. 26, no. 23, pp 1947-1949, 1990 
[221] V Trenkic, C Chnstopoulos, and T. M. Benson, "On the tIme step In hybrid symmetncal 
condensed TLM nodes," IEEE Trans. Mzcrow. Theory Tech, vol. 43, no 9, pp 2172-
2174, 1995 
[2 22] P. Benm and K Wu, "A patr of hybnd symmetncal condensed TLM nodes," IEEE Mz-
crow. and GUided Wave Lett., vol. 4, no. 7, pp. 244-246, 1994 
References 44 
[223] V. Trenlac, C Chnstopoulos, and T. M Benson, "New symmetncal super-condensed 
node for the TLM method," Electron Lett, vol. 30, no. 4, pp. 329-330, 1994 
[2.24] V. Trenklc, C. Chnstopou10s, and T. M Benson, "Theory of the syrnmetncal super-
condensed node for the TLM method," IEEE Trans. Mlcrow. Theory Tech ,vol 43, no 6, 
pp. 1342-1348, 1995 
[225] J. Nielsen and W J R. Hoefer, "A complete dispersIOn analysIs of the condensed node 
TLM mesh," IEEE Trans. Magnetlcs, vol. 27, no. 5, pp. 3982-3985, 1991 
[2 26] J A Morente, G. Glmenez, J. A Porti, and M. Khallad!, "DispersIOn analysIs for a TLM 
mesh of symmetncal condensed nodes With stubs," IEEE Trans. Mlcrow Theory Tech , 
vo1 43, no 2,pp.452-456, 1995 
[2.27] V. Trenklc, The development and charactenzatlOn of advanced nodes for the TLM 
method PhD thesIs, Umverslty of Nottmgham, November 1995 pt 3, pp 102-177 
[228] J Nielsen, "Spunous modes of the TLM-condensed node formulatIOn," IEEE Mlcrow 
and Gu,ded Wave Lett, vol I, no 8, pp 201-203, 1991. 
[229] J L Hemng and W J R Hoefer, "Improved correctIOn for 3-D TLM coarseness error," 
Electron. Lett., vol. 30, no. 14, pp. 1149-1150, 1994. 
[2.30] H. Mehani, D. de Cogan, and P. B. Johns, 'The use of orthogonal curvtlmear meshes 
m TLM models," Int. J. Numencal Modellmg: Electromc Networks DeVices and F,elds, 
vol I, pp 221-238, 1988. 
[2.31] D. D. Ward, A three-dimensIOnal model of the ltghtmng return stroke. PhD theSIS, Um-
verslty of Nottmgham, May 1991. ch 8 
[2.32] F. J German, "Infimteslmally adjustable boundanes In symmetncal condensed node 
TLM slmulatlOns," In Proc. 9th Annual Review of Progess m Applied Comput Electro-
magn, (Monterey, CA, USA), pp 482-490, ACES, 22-26 March 1993. 
[233] M. D. Melton, S. C. Pomeroy, and D. D. Ward, "Improved object defimtlOn within a 
TLM model for automolive applicatJons," m EMC York '99, (York, UK), pp 12-15, 
lEE, 12-13 July 1999. 
References 45 
[234] J. F Dawson, "Representmg femte absorbmg tIles as frequency dependent boundarIes 
m TLM," Electron Lett, vol. 29, no. 9, pp. 791-792, 1993. 
[2 35] J. F. Dawson, J Ahmadl, and A. C. Marvm, "Modelhng the dampmg of screened room 
resonances by femte tIles usmg frequency dependent boundaries m TLM," m Proc 2nd 
Int Conf Comput. Electromagn, (Nottmgham, UK), pp 271-274, IEE, 12-14 Apnl 
1994. 
[2.36] J. Paul, C. Chnstopou10s, and D. W. P. Thomas, "Modellmg of RP absorbmg maten-
als for anechOlc chambers," m Digest of the Second InternatIOnal Workshop on TLM 
modelmg, (Mumch, Germany), pp. 165-176, IEEE, 27-29 October 1997 
[2 37] A. Centeno and R A Scaramuzza, "The use of TLM m the EMC deSIgn and analysIs 
of aIrcraft hatches," m Digest of the Second InternatIOnal Workshop on TLM modelmg, 
(Mumch, Germany), pp. 155-164, IEEE, 27-29 October 1997. 
[2 38] A. Malhk and C. P Loller, "The modelhng of EM leakage mto advanced composIte 
enclosures usmg the TLM techmque," Int. J. Numerical Modellmg Electronzc Networks 
DeVices and Fields, vol 2, pp 241-248, 1989 
[239] D. P. Johns, J Wlodarczyk, and A Malhk, "New TLM models for thm structures," 
m Proc. Int Conf Comput Electromagn., (London, UK), pp. 335-338, IEE, 25-27 
November 1991. 
[2.40] V. Trenlac, C. Christopoulos, and T. M Benson, "Numencal sImulatIOn of polymers and 
other matenals for electromc shleldmg apphcatIons," m POLYMAT '94, (London, UK), 
pp 384-387, September 1994. 
[241] J A. Cole, J F. Dawson, and S. J Porter, "EffiCIent modelling ofthm conductmg sheets 
wlthm the TLM method," m Proc. 3rd Int Conf. Comput Electromagn, (Bath, UK), 
pp 45-50, IEE, Apnl 1996. 
[242] J. A. Morente, J. A. Porti, G G,menez, and A. Gallego, "Loaded-WIre node for TLM 
method," Electron. Lett., vol. 29, no. 2, pp 182-184, 1993. 
[2.43] A. P. Duffy, J. L. Hemng, T. M. Benson, and C. Chnstopoulos, "Improved wIre mod-
ellmg m TLM," IEEE Trans M,crow Theory Tech., vol. 42, no. 10, pp 1978-1983, 
1994 
References 46 
[244] A. J Wlodarczyk, V Trenkic, R. A Scararnuzza, and C. Chnstopoulos, "A fully In-
tegrated muluconductor model for TLM," IEEE Trans Mlcrow Theory Tech ,vol 46, 
no. 12,pp 2431-2437,1998 
[245] C. A. Balams, Antenna Theory-AnalysIs and DesIgn, ch. 12, pp 616-620 New York 
John Wlley, 2nd ed , 1997 
CHAPTER 3: 
INTERNODAL REFLECTION COEFFICIENT BOUNDARIES 
MANY physical properties of a system being modelled may be effectively and efficiently Incorporated by applYIng reflectIon coefficients to the pulses transferred between nodes 
dunng the connect process TIns chapter descnbes the applicatIOn and denvatIon of vanous 
boundanes of this type and discusses their relatIve ments An Improved method of producmg 
plane-wave eXCItatIon usmg asymmetnc boundanes IS developed 
3.1 Introduction 
ConnectIon IS, by definItIOn, a one-dimensIOnal concept and therefore operatIOns performed on 
a smgle poor of connected link-lines can only be expected to model one-dimensIOnal phenom-
ena [3.1]. Smce the transit tIme of pulses IS unIform over the entIre mesh, and computatIOn 
IS carned out at distInct time steps, boundary placement IS, theoretically, restricted to the node 
centre (accounted for dunng scattenng at nt;,.t) or to the link lines JOinIng adjacent nodes (ac-
counted for dunng connectIon at (n + ! )t;,.t) Often It IS Simplest to handle boundary placement 
between nodes because It aVOids havmg to produce a new scattenng matnx. For the purposes 
of thiS chapter, Internodal boundanes will be assumed, however It has recently been shown that 
placmg conducting boundaries wltlun the node can Yield good results [3 2] 
Internodal boundanes are relatIvely strooghtforward to deSign m the TLM method by applymg 
CirCUit theory, although It has been shown that certoon frequency dependent boundanes are more 
convemently obtamed using filter theory [2 34, 241] 
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Boundanes can be broadly categonsed mto' 
Internal boundanes to model thm objects wltlun the model, such as metals or thm layers of non-
ferrous matenals The nodes Jommg eIther sIde of the layer may be electncally Isolated 
If there IS no sIgnIficant penetratIOn of fields 
External boundanes to termmate the computatIOnal domrun. The nature of the test envIronment 
wIll dIctate the appropnate modellIng boundary Open regIOn scattenng problems such 
as those found m anechOlc EMC test sItuatIOns reqUIre boundarIes whIch absorb fields, 
whereas m conductive enVIronments symmetry boundanes are more appropnate 
3 2 IdealIsed boundary types 
Several commonly used boundary condltlons may be convemently studIed by evaluatlng the 
reflectIOn and tranSInlSSlOn processes whIch occur between nodes The first stage IS to analyse 
the CIrCUIt shown m FIgures 3 I and 3.2. 
x 
FIgure 3.1: Reflected pulses m a prur of seN. after scauermg 
The Thevemn eqUIvalent circUIt at tlme (n + !)ll.t, shown m FIgure 33, IS obtamed m a SImIlar 
manner to that adopted for the node Itself (see SectIOn 2.2 3, P 18ff) 
The reflectIOn and transmIssIon coefficients are found by applymg Kirchoff's Voltage Law and 
Kuchoff's Current Law: 
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FIgure 3 2 PaJr of transmIssIon lmes extracted from FIgure 3 I wIth a parallel reSIstor, R 
R n+!Vx , 
+ 
FIgure 3 3: Thevemn eqUIvalent of the CIrCUlt shown ID FIgure 3 2 
n+! Vx 
--'-R 
The mCldent voltages at the next bme step may be evaluated from. 
= n+!Vx-~Vzpx , 
= n+!Vx-~Vznx , 
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(3 I) 
(32) 
By substituting into these equations from equation (3.1), a four element hnk-lme scattenng ma-
tnx
' 
may be derived containing link-hne refiecbon coeffiCIents, r zpx and r znx and transmISSIOn 
coeffiCIents T zpx and Tznx. 
[ n+,V,pz] [~-1 
'V ~ n+1 zn:l: ell 
2Z~p" 
Q 
2Z.,p" _ 1 
Q 
] [ ~V'pz ] = [r,pz T,nz] [ ~V'pz ] 
11. Vznz T zpz r zn;c n Vznx 
(33) 
where Cl = Z,pz;,"z + Zzpx + Zznx. Tlus expression wIll be used m the followmg sectIOns to 
assIst the denvabon of a several frequently-encountered boundanes 
I Not to be confused With the nodal scattenng matnx 
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32. I FIeld measurement on Imk-lmes 
The field components may be extracted at nme (n + !)tl.t, from the voltage and currents on 
hnk hnes at the boundary. 
Consldenng equanon (3 \) With R -+ 00: 
Since the mapping In the TLM forrnulanon IS Ex o-t - Vx/ tl.x, the electnc field may be obtained 
directly from: 
n+!Ex = 
2 
2(ri VzpxZznx + ri VznxZzpx) 
tl.x(Zzpx + Zznx) 
In general, for a k-dlrected hnk line pair polansed In the ,-directIOn 
2(~ Vkp.Zkm + ~ VkmZkp.) _ 
tl.,(Zkp. + Zkm) -
2(~ Vkp.Ykp• + ~ Vkm Ykm ) 
tl.'(Ykm + Ykp.) 
(34) 
(35) 
These expressIOns are also valid if the stub parameters are directly subsntuted for their nor-
mahsed eqUivalents 
In the SCN formulation the loop current IS contnbuted by the stubs and the appropnate circulat-
Ing ports, I e. I. IS supphed by ports Jnk, JPk, knJ and kpJ and stubs As was explained In the 
prevIOus chapter, the loop current IS related to the field by, Hy o-t I y / tl.y. By consldenng the 
dtrecnon of current flow In the circUit under consideratIOn, the magnetic field on the boundary 
IS 
H 2(~ Vznx - ~ Vzpx ) +1 y = 
n 2 tl.y(Zzpx + Zznx) (36) 
In general, the magnetic field at the boundary may be obtamed dtrectly from 
(37) 
Note that in this case, the normalised stub values may not be directly substituted These mea-
sures of the field components on the boundary are useful for evaluatmg the fields on eqUivalent 
surfaces, as will be demonstrated later. 
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3 2 2 Electnc wall 
In order to obtrun a plane of eJectnc symmetry (known as an electrlc waif) on an external 
problem boundary, tbe SituatIOn shown m Figure 34 may be conSidered By mamtammg the 
.... 
Flgure 3 4 Nonzero field components at an electnc wall 
magnetic field ID tbe x and y directIOns, electnc field symmetry tangential to Z IS enforced Vzx 
IS an arbitrary quantity, chosen to give positive field components. If the two Identical nodes 
shown m tbe diagram carry the same magnetic field m the y direction, then ~ v"px = - Vzx and 
~ Vznx = Vzx After connectIOn, the pulses present on hnk-hnes are 
n+i Vzpx = Vzx 
n+i Vznx = - Vzx 
ThiS Imphes that the nght hand-node could be omitted (and hence the computatIOnal domam 
could be tenmnated) If a reflection coeffiCient of r zpx = -1 were apphed to the voltage Im-
pulse emergmg from the left-hand node A Similar argument holds for the x-directed magneuc 
component, Yleldmg r zpy = -1. 
By subsUtuUng into equation (3.3) and setung Zznx -t 00, it can be shown tbat the eqUIvalent 
resistive load [S R = 0 In other words, an electnc wall represents a short-CircUited load 
ElectriC walls may also be mcorporated mto mternal boundanes to represent perfect electncally 
conductmg (PEC) objects 
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3 2 3 Magneuc wall 
A plane of magnellc symmetry (known as a magnetIc wall) may be obtaIned by folloWIng a 
broadly similar analysIs to that of the electnc wall. The tangential field components at the 
boundary In this case are Ex and Ey• If the Identical nodes In Figure 3 5 carry the same electnc 
field, then ~ Vzpx = - Vzx and ~ Vznx = - Vzx 
.... 
FIgure 3 5 Nonzero field components at a wall of magnetIc symmetry 
After connection, the pulses on link-lInes are' 
n+iVznx = -Vzx 
This Implies that the nght-hand node could be removed, and the domaIn truncated, If a reflection 
coefficient of r zpx = + 1 were applied. A similar argument holds for E y , glVlng r zpy = + I 
Substituting mto equatIOn (3 3) and setting Zznx -t 00, the equIValent resistIVe load IS R = 00 
In other words, a magnetic wall represents an open-clrcUlted load. 
3.2 4 Wrap-around symmetry 
Another type of symmetry condition can be enforced by wrappmg pulses (I e. exchangIng pulses 
between opposite boundaries) dunng connectIOn [3 3]. The operation can be expressed alge-
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bralcally by 
HT _TTT 
n+l vzpx - n Yznx 
n+ i Vznx = ~ Vzpx 
Slmtlar equatIOns apply to the y-polansed ports. 
Because the voltage Impulses must be IdentIcal to maIntaIn symmetry, thIS type of boundary IS 
only appropnate for a one-node tluck shce of mesh It can be seen by examInmg Figure 3 6 and 
carrymg out a slmtlar analysIs to the electnc and magnetic walls, that both types of symmetry 
are enforced automatIcally. 
(a) (b) 
V,x V,x 
.. .. 
IV" I IV" I 
Hx Ex 
! ! 
Hy Ey 
FIgure 36. Wrapped-around boundanes operating as (a) an elecInc wall and (b) a magnetIc wall 
Wrapped around boundaries of !Ius type are often used for convemence, to aVOid the program-
mer haVIng to decide which sort of symmetry wall to use 
3 2 5 Absorbmg wall 
If field absorptIon IS reqUIred at the boundary, a number of methods are possible One ap-
proach, known WIdely as the matched termInatzon, assumes an mfimtely long transmtSSlon lme 
IS connected to each of the outennost nodes of the mesh. Each lme IS chosen to have electrical 
parameters which are equivalent to the phYSical parameters of the mfimte space surroundmg the 
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problem The TLM parameters of a z-dlrected l10e m x-polarisation are (see Section 2.3 4 for 
detads) 
and, 
t:"xt:"z 
Ly = J1.oJ1.ry~ 
The charactenstlc Impedance of the hnk-line IS therefore: 
(3 8) 
By substttut10g thiS value and allow1Og R -t ()() m equatIOn (3 3), the voltage reflectton coeffi-
Cient, r zpx, may be evaluated: 
Z J!':!:JLc,x - z r _ 0 En 6.y ZPX 
ZPX - ffu. ~ 
Zoy ~ A~ + Zzpx 
(39) 
The reflectIOn coefficient With R present, and With Zznx -t ()() may also be wntten 
2 
r zpx = z - 1 ~+1 R 
Equat10g the two expressIOns for reflectIOn coefficient the tenmnatlng resistance may be de-
nved 
In general the eqUivalent resistance reqUired for a TLM node on the mesh boundary With di-
menSIOns, t:"t,l:!..J, t:"k on the t-onented hnk-hne and J-po\ansatlon IS 
RMT = ZoVJ1.rk t:"J 
€rJ t:"k 
The correspondtng TLM reflectIOn coeffiCient IS· 
EvaluatlOn 
(3 10) 
(3 \I) 
A Simple simulatIOn was performed With a 101 x 101 x 1 node mesh The z-boundanes were 
connected usmg a wrapped-around boundary, and the node at (50,50,0) was eXCited With a 
field of E = exp( - 2::02)z 
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Figure 3.7: Normalised electric fie ld distribution for matched termination boundaries 
The evolution of the wavefrom was examined at each time step and the plots normalised . The 
results shown in Figure 3.7 demonstrate that the wave front is significantly distorted in its transi-
tion from the problem boundary. At near normal incidence the refl ections are minimal, however 
as the wave incident angle moves away from the normal signi ficant reflections occur. The reason 
for this behaviour is that the boundary is only matched where all the incident field componems 
are tangential. 
In practice, this means that there are considerable restrictions on how close the boundary may 
be placed to objects. If, for example, the radiation pattern of an amenna is the subject of study, 
sufficient distance must be provided between the conductors in the antenna and the boundary. 
This distance may be appreciable, and thus large numbers of cells may be required around 
objects simply to allow for limitations in the mesh termination method. 
Despite their clear disadvamages, matched boundaries are employed widely in commercial 
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TLM simulators. ThIs IS because they are easy to apply, and are fundamentally stable m opera-
tion. More sophisticated absorbmg boundanes are the subject of Chapter 4. 
3.3 Non-ideal conductIng boundaries 
In many situatIOns, It IS mappropnate to assume that conducting objects are made of PEC mate-
na\. Real conductors exhibit frequency dependent, lossy properties. They also allow penetratIOn 
of fields. Accurately modelling these effects can be computatlOnally expensIVe, and so usually 
approXImations must be made to avoid long run times. However, modellmg losses m boundanes 
can be advantageous because the fields will decay more qUickly, reducmg the number of time 
steps reqUired. 
3 3.1 Conductmg boundaries 
Lossy mternal and external conducting walls can be thought of as combmmg the properties of 
electnc and absorbmg walls. If the absorbmg wall IS chosen as a startmg pomt, the conductive 
propertIes may be mserted by substituting a lossy tenn mto the equatIOn for the lme Impedance 
The conductance required in a z-drrected lme m x-polansatlon is: 
b.yb.z Gx=aex~ 
The Impedance of the mfimte link-line which models the conductmg medIUm IS therefore 
JwLy D..x 
JWCx + G x = b.y 
Zznx = 
JW/-lo/-lry 
JWfOfrx + a ex 
Frequency domam expressIOns such as this cannot be directly handled by time domam numer-
Ical methods This problem has been overcome by Cacoveanu et al by applymg a recursIVe 
algonthm to model the frequency dependent nature [34]. 
If narrow-band results are acceptable It is pOSSible to approXImate the medIUm Impedance For 
example, If the 'good conductor' apprOXImation IS applied (I e. W€ « a) then· 
JW/-lo/-lry 
aex 
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After substItutIon Into equatIon (3 11) with R -+ 00 and algebrruc mampulatlOn (IncludIng the 
use of the IdentIty ,fJ = (~» an approxImate TLM reflectIon coefficIent may be obtruned 
Dox 2W!JO!JTY 
rzx "" -1 + Z Do 
zx Y (J'ex 
(3 12) 
ThIs expreSSIOn IS consIstent wIth that denved by Hoefer for 2-D TLM [3 I] 
AlternatIvely the skIn depth, 0, may be quoted, In whIch case the TLM reflectIon coeffiCIent to 
be applIed IS 
Dox 
rzx "" -1 + Z Do W!JO!JTYO 
zx y 
(3 13) 
Tlun Internal conductIng boundanes WIth field penetratIon can modelled USIng the CIrcUIt shown 
at the startoftlus chapter, however much more accurate methods have been devIsed [2.39, 2 41] 
These methods are partIcularly important in EMC simulatIons where the couplIng of fields Into 
enclosures IS of Interest 
3 3 2 Applying phySIcal reflectJOn coefficIents 
In some cIrcumstances the phYSIcal reflectIon coefficIent is a known quantIty. It IS In general 
necessary to convert thIS Into a TLM voltage reflectIOn coefficIent 
From basIc ClrcUlt theory, it can be shown that the resIstIve load reqUIred to tenmnate a trans-
mISSIOn Ime IS related to the real reflectIon coeffiCIent, p, and the matchIng resIstance RMT 
by. 
(3 14) 
If thIS equatIon IS rearranged and substItuted mto equatIon (3 11), the correspondmg TLM re-
flectIOn coefficient may be evaluated: 
3 3 3 DiSCUSSIOn 
r _ Rp(1 - p) - Z'J(1+ p) 
'J - Rp(1 - p) + Z'J(1 + p) (3 15) 
ConductIng boundanes are an Important feature m models of EMC problems In the most ba-
sic form they may be effiCIently mcluded mto problems by applymg the concept of surface 
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Impedance or skm depth. However, to model the penetratIOn effects of fields much more so-
phIsacated models are reqUired, WhICh may Impact on the computatIOnal overhead In most 
producaon road vehIcles, the matenals used for bodywork (often ferrous metals such as steel) 
are good conductors and the penetraaon effects are mmImal In!lus case, applymg conduc-
tor models m their most basIC form should In most cases be acceptable Increasmgly, however, 
hghter composIte matenals such as CFC (carbon fibre composIte) are be10g used These maten-
als are poorer conductors, and field penetraaon IS appreciable. Tlus has Important consequences 
for both the computer model, and the EM propemes of the vehIcle. 
3 4 A compact pamal Huygens' surface for TLM simulatlOns 
In a number of cIrcumstances, It IS deSIrable to Illum10ate scattenng objects wIth Ideal plane 
waves. Examples of where thIS mIght be necessary are 
• Where IncIdent waves In the phYSIcal system have reached far field condIaons before 
striking the scatterer 
• Where the SImulatIOn results are to be compared WIth analytIcal solutIOns, whIch often 
assume Ideal plane-wave Illum1Oaaon. 
Unfortunately, Illuminating the TLM mesh across the enure cross-secaon m free space scatter-
109 problems does not normally produce perfect plane waves The reason hes m the boundary 
ImplementatIOn, which typIcally m a scattering problem WIll be an absorbmg boundary such as 
the matched condIaon dIscussed earher. The source IS phYSIcally truncated at the mesh bound-
ary, and thus appears fimte m extent In addItion, although to a lesser extent, sources m the near 
vIcImty of the mesh boundary can cause other errors which are related to the ABC performance 
341 Theory 
In order to proVIde an absorbing boundary to the scattered field, and to maintain an mfimte 
source, a specIal type of boundary known as a Huygens' surface may be used. 
Huygens' surfaces were first employed m the FDTD method by Merewether and FIsher m order 
to sImphfy the analYSIS of dIelectric and poorly conducang scatterers [3 5] The formulaaon 
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IS based on the eqUlvalence pnnclple, which may be demonstrated by consldenng the two SIt-
uatIons shown in FIgures 3 8(a) and 3.8(b). In case (a) the external sources radIate from the 
_ (a) __________ _ 
\ 
'\ 
----+/-EI ,HI--4,,-----
\ ./ 
(b) 
FIgure 3 8 GeneratIon of eqUIvalent current sources 
s 
external regIOn (2) to the mternal regIOn (I) passmg through an artIfiCIal surface S The surface 
currents flowmg on S may be quantIfied 
(El - E2) x ft = MS = 0 
ft X (HI - H 2 ) = JS = 0 
If E2 = 0, H2 = 0 and eqUlvalent Huygens' source magnetIc and electnc currents are mtro-
duced at the mterface as shown m FIgure 3 8(b), then the fields mSlde the bounded regIOn WIll 
repltcate those In the ongmal problem provldmg 
(3 16) 
(3 17) 
The new problem IS bounded If the correct Huygens' currents can be obtamed, and IS therefore 
more easIly analysed by numencal methods 
The excItatIon of plane waves IS amenable to thIS techmque smce the external fields are easIly 
deterrmned. Chen et al. [36] and German [3.7] have successfully used analytIcal expressIOns to 
generate the Huygens' currents. Another approach employmg TLM reflectIOn coeffiCIents has 
been descnbed by Porter and Dawson [3 8, 3.9]. The techmque descnbed here IS akm to the 
Porter and Dawson method, but has some dIstInct advantages 
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3.4.2 ImplementatIOn 
The TLM mesh IS split mto two regIOns' the problem space, which IS surrounded by an absorb-
mg boundary, and an auxiliary regIOn WhICh has a symmetry boundary Symmetry m the latter 
regIOn IS aclueved by 'wrappmg round' pulses m the manner descnbed m SectIOn 3.2 4 
Tlus process ensures that unclIstorted plane waves can propagate m the aUXIliary regIOn regard-
less of polansatlOn Ideal plane wave propagatIOn IS obtamed by excItmg the TLM mesh across 
the entire cross-sectIOn and feedmg pulses from the auxiliary regIOn mto the problem space The 
edges of a propagating wavefront are consequently remforced, and thus the excitatIOn appears 
mfinlte m extent The voltage reflection coeffiCients which need to be applied at the boundanes 
are shown m Figure 3.9 
The reflectIOn and transmiSSIOn processes reqUired by the technique are handled m the connect 
phase of the TLM algorithm I e.: 
n+t v.~] = r.] ~ v.~] + (1 - r.]) ~ v.~] 
n+t v.~] = r.] ~ v.~] + (1 - r.]) ~ v.~] 
n+t V.~k = r,k ~ V.~k + (1 + r,k) ~ V.~k 
n+i V.~k = r,k ~ V.~k + (1 + r,k) ~ V.~k 
for ports on the extremities of the problem space, and: 
tv.a _ rv.a 
n+l 'P) - n m) 
'v.a - rv.a 
n+l m] - nip] 
t v.a r v.a 
n+l tpk = n mk 
t v.a r v.a 
n+l mk = n tpk 
(3.18) 
(3 19) 
for ports on the penphery of the aUXiliary regIOn. Superscnpt a denotes port voltages m the 
aUXIliary regIOn, superscript p denotes port voltages at the edge of the problem space, and r 'J' 
r,k are reflectIOn coeffiCients for the matched condition, given m equatIOn (3.11). 
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1 - r,,, 1 + r,k 
') 
I auxlhary regIOn ~~~::D 
1 - r,,!l + r,k 
' , , , 
, , 
,+1, 
C'-'J J} 
r", r,k 
,.. r-, problem ----. 1- r" 
'---r", r,k r",r,k ~ r-+ r,k 1--.. space 
r1" r,k ~ J 
-
• 1 r",l+r,k 
k 
L, 
Figure 3 9 ReflectIOn/transmiSSIOn processes apphed to form a parl1al Huygens' surface 
3 4 3 AnalytIcal venficatJOn 
If the problem IS set up as shown m Figure 3 10, then the eqUivalent Huygens' currents on 
surface S for a plane wave With mstantaneous magnitude of E = Exx + Eyfj, and H = 
Hxx + Hyfj can be obtamed from equal10ns (316) and (3.17) 
On the artlficlal surface only three faces (labelled A, B, C) reqUire consideratIOn, the others 
follow through symmetry. 
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Face A 
FaceB 
FaceC 
x 
L:--, 
y 
B 
A 
E,H ne 
s 
FIgure 3 10' Plane wave mCldent on arlIficlal surface S 
Mh = E X nA = Eyz - ExY 
Jh = nAxH=-Hyz+Hxy 
Mh = EXnB=Eyz 
Jh = nB x H = -Hyz 
Mh = E x ne = -Exz 
Jh = ne x H = Hxz 
62 
c 
(320) 
(321) 
(322) 
It should be noted that these currents are for the special case where the plane wave IS propagatmg 
m a directIOn nonnal to face A. A full implementatIOn of a Huygens' surface would Impose no 
such restnctIOn [3.7) 
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3 4 4 EqUlvalent currents m the TLM model 
In order to venfy that the correct currents are produced by the reflectIOn/transmissIOn processes, 
the fields at the boundary are requITed. For the case where the boundary mtersects a pair of trans-
mission hnes of equal charactensllc Impedance Z'J' equatIOns (3 5) and (3.7) may be slmphfied 
Hk = v,nJ - v,PJ 
Z'J6..k 
These equations will be used m the followmg analysis 
Face A 
(323) 
(324) 
No spectal reflectIOn coefficients need be apphed, and so the scattered voltages, Vx and Vy, 
(shown m F,gure 3.11) 
s ',. s s o 
FIgure 3 11' Voltages at face A after scattenng 
are simply exchanged dunng connectIOn. The field vectors obtamed from equallons (3 23) 
and (3 24) are. 
E = _VXx_VYy 
6..x 6..y 
H = 
producing magnetic and electric current denSities of: 
Vy. Vx • 
--x+-y 6..y 6..x 
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(325) 
FaceB 
A sImIlar process IS followed for B, however, !Ius lime the reflectIOn/transmIssIOn coefficIents 
are applIed III the manner descnbed. Note that for thIs face Vxz models Hy and to produce 
posItIve-dIrected current after connectIon, the outer port voltage IS chosen as negatIve (Flg-
ure 3.12). 
Therefore 
E 
Yr. 
2 
.. 
Yr. 
2 
_Y.... 
2 
....... ··s 
FIgure 3 12 Voltages at face B after scattenng 
1 [( Vy ( iVy) Vy]. 
-- r- + 1 - r - + - y 
t:.y 2 2 2 
Vy • 
= --y 
t:.y 
H = 1 [Vxz _ (r Vxz _ (1 + r) Vxz)] fj 
Zxzt:.y 2 2 2 
= 
gIVlllg eqUIvalent current denSItIes of: 
Mh 
= 
Vy • 
--z 
t:.y 
Jh Vxz Z 
Zxzt:.y 
(3.26) 
3 Internodal reflectlOn coefficJent boundanes 
FaceC 
Y... 
2 
s 
Y... 
2 
FJgure 3 13. Voltages at face C after scattenng 
By applymg simIlar analysIs to that descnbed for B the fields are. 
E Vx • = --re D>.x 
H = 
VyZ x 
ZyzD>.x 
glvmg currents 
Mh Vx • 
= -z D>.x 
Jh 
= 
Vyz Z 
ZyzD>.x 
65 
(327) 
These eqUivalent currents are consistent With those previously denved (equatIOns (3 20)-{3 22)) 
and therefore applymg the reflectIOn/transmissIOn coeffiCients m equatIOns (3.18) and (3 19) 
produces a Huygens' surface. In addttion, it IS fatrly stratghtforward to show that In the absence 
of auxIliary regIOn field components, scattered fields meet a reflectIOn coeffiCient of r'J' r,k 
and hence a matched condluon eXists. 
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3.5 Plane-wave test results 
In order to validate the partIal Huygens' surface, a number of slmulatlOns were carned out. 
Tests were chosen to mveslIgate the basic operation, and also to validate the method m more 
complex cases mvolvmg features such as gradmg. 
3.5 I Free space 
Lmearly polarised waves were generated by excltmg fields m a plane parallel to and near to the 
z-mlmmum boundary of a TLM mesh 
A relalIvely small mesh contammg 10 x 10 x 30 nodes was employed, and matched termmatlOn 
boundaries were mtroduced ExcltalIon was proVided by a umt magmtude Gausslan pulse m-
Jected mto both Ex and Ey component direclIons, glVlng a field of strength V2 Vm-I polarised 
at 45° The lIme domam field was measured at a point (4, 2, 28) and the output was plotted 
(Figure 3.14) 
This result was compared With the output of a Similar simulatIOn, but this tlme mtroducmg the 
aUXiliary regIOns to the x- and y-boundanes and applymg the reflectIOn/transmissIOn coeffi-
cients descnbed m equalIons (3.18) and (3.19) (see Figure 3.15). 
Results 
The graphs show that the Ex and Ey fields components are attenuated slgmficantly m the 
matched case, and also a z-component IS present These anomalies are ehmmated entlrely 
by applymg the Huygens' surface This test was repeated for meshes with different gradmg and 
Similar results were found. 
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FIgure 3 14 Electnc field near to a matched tennmatIOn wall 
E 
(Vm- I ) 
10 
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02 j 
0 
0 10 20 Time (ns) 
FIgure 3 15' Electnc field near to a partIal Huygens' surface 
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As a further test an elliptIcally polarised plane wave ofE = 2 sm(2 1r 108 t)x+cos(2 1r 108 t)y 
was generated In the same mesh As demonstrated In FIgure 3 16, the wave propagates ID the 
desned manner. 
15 Ex • 
10 , 
0.5 
0 
-0.5 Ey .. ", 
-la 
-15 
-20 
0 10 20 30 TIme (ns) 
FIgure 3 16 ElectrIc field WIth ellIptIcally polansed eXCItatIon at z = 0 
3 52 SmusOIdaI grattng 
SmusOldal gratIngs are sometImes found embedded m vehIcle wmdscreens m the form of very 
fine metallised wIres These wIres are mtended to act as heaters for demIstIng, but they also 
exhIbIt mterestIng propertIes at RF, mcluding a strong polansmg effect 
Two test objects were modelled m an attempt to examme the propertIes of thIS type of deVIce 
The first was a sImple model usmg conductIng nodes (see FIgure 3 17(a». The second was 
more advanced and used thm conductors on a glass substrate (see FIgure 3 17(b» 
Each object was enclosed m a 100 x 100 x 100 node TLM mesh Object (a) was modelled on a 
cubIC mesh, and object (b) was modelled on a graded mesh m order to effiCIently and accurately 
mcorporate the dlelectnc material (fr,glass = 6). 
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(3) 
• = conductmg node 
y 
L. 
(b) 
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306 x 245 x 2 mm I--
Er = 6 0 
=--+I---thm PEe 
Flgure 3 17- SmusOIdal gratmg test objects wIth D.x = D.y '" 6 mm and D.z '" 2 mm 
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Measurement pomts were placed at suitable positions in front of each object m order to observe 
the mCldent and reflected waves Once again, results were generated for matched termmatlOn 
boundarIes to act as a companson Model (b) reqUIred many more Ume steps to complete than 
(a) smce the maXImum Ume step for the model was reduced slgmficantly by the mcluslOn of 
chelectnc matenal. ExcItatIOn was provIded at 45° m an Idenucal manner to the free space tests 
Results 
The results for object (a) demonstrate the polansmg effect For the x-polansatlon (FIgure 3 18) 
very httle of the incIdent wave is reflected, whereas approxImately 80% of the y-polansed 
field IS reflected (FIgure 3 19) This result is masked by anomalIes m the matched termmaUon 
slmulatlOns. 
The results for object (b) (FIgure 3.20) demonstrate that partJal Huygens' surfaces can be used 
wIth equal success m graded meshes. 
Ex 
(Vm-I ) 
I,--,r--,---.n--r---r--,---.---.---r--, 
08 Incident ----.l.~ 
06 
04 
02 
-0.2 Matched termmatlOn __ : 
-04 
50 100 150 200 250 300 350 400 450 500 
iterauon 
FIgure 3 18 x-component of the electnc field In front of object (a) 
L-________________________________________________________________________________ _ 
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Flgure 3 19. y-component of the electnc field ID front of object (a) 
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FIgure 3 20 x-component of the electrIC field ID front of object (b) 
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3 5 3 VehIcle body 
A CAD model of a car body was prepared m a commercIal CAD software package, and a gnd 
or tartan mesh was applied to the surface. The resultmg data (see FIgure 3.21) was used m 
the TLM model and all surfaces were modelled as PEC Plane wave excitatIOn was once agam 
FIgure 3 21 Vehicle body test object 
apphed at 45°, and the result from usmg matched termmatlOn boundanes and partial Huygens' 
surfaces were compared The electric field mtenslty was plotted as a grey scale plxel map, and 
was captured as a senes of Ume snapshots 
Results 
Figure 3 22 shows that the field intenslUes for the partial Huygens' surface are considerably 
Improved over the matched termmatIOn case. T1us demonstrates that the techmque can be used 
to Improve results for full-field visual data as well as that obtamed from mdlVldual measurmg 
pomts 
-40 -36 -32 -28 -24 -20 -16 -12 -8 -4 0 IEI (dB) 
FIgure 322 Whole-vehIcle plane-wave IllummatlOn for (top) matched termmatlOn boundarIes and (bottom) parttal Huygens' surface 
.., 
!;' 
~ 
~ 
(l 
i 
i g 
-I 
~ 
<:;J 
-40 -36 -32 -28 -24 -20 - 16 - 12 -8 -4 0 IEI (dB) 
Figure 3.22: Whole-vehicle plane-wave illumination for (top) matched termination boundaries and (bottom) partial Huygens' surface 
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3 5 4 DIscussIOn 
The method descnbed IS easy to Implement in a lLM program It has been tested m a vanety of 
sItuatIOns WIth success, and appears to perform eqUIvalently to the method descnbed by Porter 
and Dawson [3 8, 3 9). The advantages over thIS technique are: 
• The boundary IS polansatlOn mdependent, I e. reflectIOn coefficIents need not be altered 
for dIfferent polansatlOns. 
• Only one auxihary regIOn IS reqUIred per parr of boundanes (however It IS relatively 
strrughtforward to modify the earher method to use only one regIOn mstead of two) 
The method IS hmlted by Its use of hnk lme reflectIOn coefficients, and Its use IS restrIcted to 
sItuations where Illummatlon IS provIded parallel to the mesh axes. In some clfcumstances, 
tIus may prove problematic, espeCially for the computation of radar cross-sectIOn where a wIde 
vanety of Illummatlon angles are reqUIred A full Huygens' surface has been demonstrated by 
German [3.7) for thIS purpose, however, tIus techmque does not automatically account for the 
effects of dIsperSIOn. It IS therefore preferable where the excItatIOn IS parallel to the mesh axes 
to use a method whIch does automatically account for rusperslOn such as the one descnbed here 
ExtenSIve tests have shown that the method IS stable regardless of the mesh gradmg m use, and 
even when the effects of dIsperSIOn are appreciable. 
3.6 ConclusIOn 
Symmetry conrutlons are avrulable m lLM whIch can be used to reduce the computatIOnal 
overhead dramatically Lossy electnc walls may be used to represent the surface Impedance of 
!ughly conducting materials. Electnc and magnetic walls are the most commonly used symme-
try condItions So-called 'wrap-around' boundary condItions are only appropnate for reducmg 
the total number of dImenSIOns m a problem As an example, 11 mIght be used for termmatmg 
the z-boundanes of a 10 x 10 x 1 node TLM mesh of SeNs 
Absorbing boundanes based purely on l-D Implementations perform relatively poorly, and can 
only be rehed upon to prOVIde an accurate representation of free space where the wave incIdent 
angle on the boundary is a fixed and known quantity 
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The matched termmatIOn boundary has been successfully combmed WIth the 'wrap-around' 
symmetry conditIOn to provIde a new method of plane-wave eXCItatIOn m the TLM mesh Ef-
fectively, the symmetry condItIOn IS applIed to the propagatmg wavefront, whIlst a matched 
condItion IS presented to scattered waves. 
Generally, boundanes denved from one-dImenSIOnal assumptIOns are eaSIly formulated and ap-
plIed They are also effiCIent and stable m theIr operatIOn. The malO rusadvantage IS that where 
a rrue 3-D phenomenon reqUIres modellIng, such as an absorbmg boundary, the effectIveness IS 
severely lImIted. 
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CHAPTER 4: 
HIGH-PERFORMANCE ABSORBING BOUNDARIES 
A s the upper frequency of mterest mcreases, performmg whole chamber slmulatlOns be-comes Impractical In order to restnct the amount of computer memory used It becomes 
essential to truncate the domam of the problem WIth an artIficIal absorbmg boundary condItion 
(AB C). The better the performance of the ABC, the closer the boundary may be placed to the 
velucle m the model and the fewer the number of cells whIch are reqUIred Thus, AB Cs have 
an essential role to play m the effiCIency of hIgh frequency models of electncally large objects 
Tlus chapter focuses on the performance and practicalIty of lugh-performance ABC schemes m 
EM models of velucles. 
4.1 Properties of absorbmg boundary conditIons 
The purpose of applymg absorbmg (or rad,atmg) boundary condItions IS to truncate the compu-
tational domam WIthout introducing non-physIcal reflections or, put m other terms, to emulate 
the effects of an mfimte TLM mesh. As was shown m SubsectIOn 3 2 5 (p 53ff), applymg 
a SImple matched condItion meets tlus specIfication only for waves strlkmg the boundary at a 
smgle, fixed angle. 
DesIrable properues for a lugh-performance absorbmg boundary are· 
• Low magmtude wave reflection coeffiCIent 
• The abilIty to absorb inCident waves from a vanety of angles 
• Frequency-mdependent wave reflection coeffiCient. 
• EffiCient use of memory and Simple computation. 
• High stabilIty 
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F1gure 4 1 Wave mCldent angle on a boundary placed at Zmaz 
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The type of open regIOn scattenng problems encountered m EM models of vehicles are char-
actensed by their broad-band nature, the unpredlctabiltty of the wave mCldent angle on the 
boundary (see Figure 4.1), and the complex nature of the scattered fields A number of the 
hlgh-perfonnance schemes reported m recent years have been demonstrated In wave gUIdance 
problems where the bandwidth IS relalIvely low, and fields are reasonably predlctable. The Im-
pltcatlOns for models of seml- and fully-anechOlc EMC situatIOns are not always clear from 
these stuches 
4 1.1 Test method 
AB Cs have been extensively tested usmg a vanety of expenmental and analytical techmques 
[4 1, 4.2, 4.3]. The maJonty of these studies have focused on the quantificatIOn of localtsed 
refleclIon errors. WhIlst these studtes are valuable for assessmg perfonnance, It IS difficult to 
use the results to understand how to make best use of the ABC m real problems. The approach 
adopted for the test cases m this chapter recognises that the chOIce of absorbmg boundary type 
and usage needs to be made carefully, especially when computatIOnal resources are Itmlted 
The problem to be addressed tS thIs: A certam number of free space nodes are always reqUIred 
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around the object bemg modelled in order to allow for maccuracy m the absorbIng boundary 
If the ABC behaves poorly, then more cells are reqUIred, and thus the number of cells wasted 
modelhng free space mcreases. Therefore, a larger space step must be selected leadIng to 
poorer geometncal accuracy and lower model bandwidth. It IS Important to choose a value for 
the space step (and hence the amount of free space allowed around objects) wIuch Yields the 
Iughest bandwidth model where ABC accuracy can be mamtained. 
The test cases employed m tIus chapter attempt to assess thiS trade-off by artificially Imposmg 
a hmlt on the number of nodes A common object wIuch has been dlscrelised USIng different 
space steps and with correspondIng amounts of surroundmg free-space nodes IS used These 
models are then compared agamst a reference solulion obtaIned by plaCIng the most finely 
mscrelised model In a much bigger mesh. 
4 1 2 Model defimtIOn 
The geometry employed was the complex veIucle-hke obJectl shown In Figure 4 2 
172 m 
----------
z 
431 m 
FIgure 4 2 Complex vehICle-like geometry modelled m ABC lests 
All surfaces In the geometrical model were assumed to represent PEC, except the tyres wIuch 
were not included In the final TLM model. The excitatIOn source was a finite thickness tube of 
I ThIS geometncal model IS a mochfied versIon of that used by Ruddle et al [44], and IS used WIth pernusslOn 
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electnc free space field polansed m Ex placed m the foot well of the car from the front to rear 
Vanous measunng pomts m and around the velucle were momtored to assess the performance 
The geometncal model was dlscreused onto meshes of 115 x 46 x 54 nodes with varymg space 
steps. A summary of the dlscreusaUon level and Ume step for each model IS shown m Table 4 I 
Cutoff frequency Space step Time step Number of iterations 
le (MHz) Al (m) At (s) n 
200 01498962 2.5000000 x 10-10 1334 
300 00999308 1.6666667 x 10-10 2001 
400 00749481 1.2500000 x 10-10 2668 
500 00599585 1.0000000 x 10-10 3335 
600 00499654 8 3333333 x 10-11 4002 
700 0.0428275 71428571 x 10-11 4669 
Table 4 l' Model staUsl1cs for a vehicle-like geometry placed m the centre of a 115 x 46 x 54 cell mesh 
In each case the object was placed m the centre of the mesh and the surroundmg volume was 
populated With free space nodes The results of the dlscrel1sal1on process are shown m Fig-
ure 4.3. 
The reference model was prepared using the smallest space step (correspondmg to a model 
cutoff frequency of 700 MHz), but this time the object was placed m the centre of a much 
bigger mesh contalmng 230 x 92 x 108 nodes. 
All? models were run for a SUitable number of Iterations to allow the transients to decay to a low 
level The Ume-domaln Impulse response obtruned at each measurement pomt was subsequently 
transformed mto the frequency domain by means of a discrete Founer transform for analYSIS 
The 6 small models were computed usmg the software developed for thiS theSIS and the refer-
ence model was run on Mlcrostnpes2. Tlus had the added advantage that It allowed the software 
to be venfied against a commercial package wluch has been vahdated against expenmental data 
In the remainder of this chapter a vanety of reported schemes Will be descnbed, Implemented 
2 Mlcrostnpes IS a commercial TLM software package supplied by Kimberley CommunIcatlons Consultants 
The versIon used IS known to employ matched tenrunatIOn absorbmg boundanes 
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and tested. In some cases the ABC scheme will be dIsmIssed by consIderatIOn of the method-
ology, and In other more promIsIng cases the vehIcle test model wIll be used to evaluate perfor-
mance 
4 2 Local ABCs 
The matched terrrunation boundary condItIon (MTBC) IS Implemented on a node-by-node baSIS, 
and for thts reason IS referred to as a local absorbIng boundary condItIOn The advantage of 
local schemes IS that they are very easy to Implement, and requITe the modtficatIon of a sIngle 
voltage Impulse. Care must be taken however, as some more sophtstIcated schemes make use of 
field theory to determine the reflected voltage impulse at the boundary ThIS indIrect approach 
can lead to dIfficultIes WIth stabIlIty because of dIfferences between the analytIcal (contInuous) 
domaIn and the dIscrete domain. 
42.1 MTBC 
The results for the matched termInatIOn are shown In FIgures 44 to 4 6. The results show that 
the boundary placement has a very strong mfluence on accuracy In the frequency domaIn 
For the coarser meshes reasonable accuracy can be obtaIned (FIgure 44). Mmor frequency 
shtfts whtch do occur can be accounted for by the geometncal errors caused by the dlscretlsatlOn 
process. 
In contrast, the finely meshed models gIve poor accuracy over the whole band, even at low 
frequency (FIgure 4.5). The errors and frequency shtfts In the resonances cannot be explaIned 
merely by the geometrIcal approxlmatton of the mesh. FIgure 4 6 shows the results for cutoff 
frequencIes of 400 MHz and 500 MHz. There IS a marked reductIon m accuracy between these 
two responses and therefore It IS suggested that, gIven the artIfiCIal resource lImItatIOns Imposed, 
400 MHz IS the maxImum frequency whtch can be produced from thts model. 
ThIS result has Important consequences, since It is temptIng to place objects closer to the bound-
ary to extend the frequency lImIt of the model. This actton is lIable to destroy the Integnty of 
the model across the frequency spectrum and should be aVOIded at all costs 
\\...-------
le = 200 MHz le = 300MHz le = 400MHz 
E output pomts 
le = 500 MHz le = 600MHz le = 700MHz 
Flgure 4 3 VehIcle geometry dlscrelIsed on coarse and fine meshes 
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4 2 2 VanabIe Impedance boundary cond,tIOn 
Slmons and Bndges have proposed a method for lmprovmg the MTBC. known as the vanable 
Impedance boundary condItion (VIBC) [4 51. The VIBC Improves the MTBC by usmg the 10-
stantaneous field dislnbutIOn to predIct the wave mCldent angle. Once the amval angle has been 
esllmated the Impedance of the boundary IS selected to match the boundary-dIrected component 
of the wave. Thus a wave slnkmg the boundary at any angle can m theory be absorbed The 
TLM reflectIOn coefficient to be selected for a boundary at Zmax is: 
....EJJ.... fiii. ~x _ z 
r _ cos cPe V E;'; ay zpx zpx- f€ 
....£a..... l::!JL ~x Z 
cos cPe En ay + Zpx 
(4 I) 
where <Pe IS the esllmate of the wave lOCI dent angle A SImIlar expreSSIOn may be obtamed for 
y-polansed waves 
A bnef test of the VIBC has revealed several features WhICh make It unSUitable for use m velucle 
EM models. In vlTtually all reallsllc problems. the wave SinkIng the boundary IS the result of 
superposlllon In many cases tins causes rapId changes In the wave mCldent angle <P wluch 
makes the parameter <Pe extremely dIfficult to calculate from the field dlslnbutlOn. For thIS 
reason. the method IS practically hmlted to sItuatIOns where a SIngle. smooth wave slnkes the 
boundary. 
The VIBC IS an attracllve techmque. and can In pnnclple gIve better performance than the 
MTBC In problems wIth a very SImple field dlslnbutIOn at httle computallonal cost However. 
It fails to dehver the performance and rehabIllty reqUired to analyse large. complex structures 
such as vehIcles. 
423 One-way equations 
Another class of local ABC IS formulated by solVIng a type of partIal dIfferentIal equallon 
WhICh allows waves to propagate only m speCIfic dIrectIOns These equatIOns are termed one-
way eqUlltlOns. One-way equation ABCs onginate In the FDTD community [46]. and have 
been subsequently apphed to TLM. Early attempts In FDTD focused on the theory developed 
by EngqUIst and MaJda [4.71. although virtually all implementatIOns In TLM have been based 
on the later and more general approach proposed by Hlgdon [4.8. 4 91 
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Hlgdon's boundary conditIon states that for the wave equation: 
(42) 
the analytIcal boundary conditIon for waves travelhng in the pOSItIve z-d,rectlOn IS 
BE = IT BmE = IT (~+ cos Om ~ + 5m)E = 0 
m=1 m=1 8z c 8t 
(43) 
B is the boundary operator winch ensures perfect absorptIon for hnear combinatIons of waves 
propagating at angles 0, ,02," . , Op, P IS the order of the boundary operator, and 5, ,52, ,5p 
are small posItIve constants which are chosen to damp low frequency components and D C. 
(hereafter known as dampmg factors). 
TheoretIcal reflectIon coeffiCIent 
The magmtude of the reflection coefficient obtained from the analytical boundary condItIOn 
gIven in equation (4.3) has been shown by Hlgdon to be [4 8] 
IPrI = IT I cos Om - cos "'I 
m=! cos Om + cos '" 
(44) 
As an example, for first order cond,tIOns (p = 1), It IS pOSSIble to select a value for 0, to absorb 
waves approaclnng the boundary from a preselected angle (see FIgure 4.7). In gUIded wave 
problems, such as In the SImulation of a matched load for a wavegUlde, It IS often pOSSIble to 
select an appropnate InCIdent angle from a pnon knowledge of the fields. In scattenng prob-
lems, the chOice IS more difficult SInce waves may stnke the boundary from a varIety of angles, 
dependIng on the geometry of the scatterer and on the type and positIOnIng of the eXCItatIOn 
It IS pOSSIble to Improve the range of angles at whIch absorption takes place by constructing 
Ingher order operators. F,gure 4 8 shows the analytical reflection coeffiCIent of second order 
(p = 2) and third order (p = 3) operators where the selected absorptIOn angles are spread 
evenly over the Interval 0° :5 Om :5 90°. In theory It IS pOSSible to contInue to Increase the 
order, however In practice tins Increases the memory requirement and reduces stablhty. 
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ApplIcatwn to TLM 
Several authors have reported Implementations of Hlgdon's method to 3-D SCN TLM [410, 
36]. The most successful method reported appears to be that of Eswarappa and Hoefer [4 11] 
The discrete boundary condition is formulated by talang the analytical condition given m equa-
tion (4 3) and applymg fimte dIfference apprOJumatlons to the spatial and temporal differential 
terms. A smgle term of the boundary operator may be expressed thus' 
where I, D and K are Identity, spatial and temporal shift operators respectively, defined by 
I nE = nE(x,y,z) 
DnE = nE (x,y,z+l) 
K nE = n+IE(x, y, z) (46) 
and a, b are weighted time and space averages of time and space differences respectively After 
algebrruc manipulation the boundary operator simplifies to 
where. 
am = _--:-.:.:.a_-....:9"'m"..,(.:.:.I..,.-,...b"')-,--,---
a-I - 9m(1 - b) - OmAz 
Pm = a-I + 9mb 
a-I - 9m(1 - b) - om/:;.z 
-a- b9m 
"(m = a - 1- 9m(1 - b) - om/:;.z 
cos Bm/:;.z 
9m = cAt 
Back substitution mto equation (4.3) for a first order operator gives [4.11] 
(47) 
(48) 
(49) 
(410) 
(411) 
nE(x, y, zmax) = al n-lE(X, y, zmax) + PI nE(x, y, Zmax - 1) + "(1 n-lE(X, y, Zmax - 1) 
(4 12) 
The method for applymg the boundary operator to TLM IS subject to chOIce One optIOn IS to 
stnctly apply the condition to the electnc field computed from the equivalent total voltage at 
the boundary nodes, and to use !Ius to compute the reflected voltage pulse to be mJected IOta 
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the mesh. A simpler alternauve is to apply the boundary conditIOn directly to voltage Impulses 
travelling on the link-lines (see Figure 4.1). This method IS valid smce the boundary condition 
may be applied to either the electnc or magnetic field, and a smgle voltage Impulse may be 
Viewed as a linear combmatlOn of field components. Thus for the first order condillOn the 
equatiOn to be Implemented IS: 
~ Vzpx(x, y, zmax) = 01 n-1 Vzpx(x, y, zmax) +)31 ~ Vzpx(x, y, Zmax - 1) + 
1'1 n-i Vzpx(x, y, Zmax - 1) (4 13) 
and a Similar equauon for ports polansed m y. For a second order condition, the boundary 
operator B may be evaluated by usmg equatiOn (4.7) and calculating the product B = BIB2 
The equauon to generate the pulses reflected by the boundary IS therefore. 
~ Vzpx(x, y, zmax) = ()31 + J32) ~ V.px(x, y, Zmax - 1) - (31)32 ~ Vzpx(x, y, Zmax - 2) 
+(01 + (2) n-i Vzpx(X, y, Zmax) + (1'1 + 1'2 - 01J32 - )31C'i2) n-i Vzpx(x, y, Zmax - 1) 
-({3n2 + 1'1J32) n_iVzpx(x,y,Zmax - 2) - C'i102 n_~Vzpx(x,y,Zmax) 
(414) 
It has been shown expenmentally that applymg the operator to Impulses m this manner gives 
better results than applymg to the electnc field alone [4 12] The reflectIOn errors generated 
by applymg the boundary operator to the electnc and magnetic field separately are m some 
Clfcumstances opposite m Sign [4.13]. and tlus may explam why better results can be aclueved 
by applymg the operator to a linear combmation of the two quantities. This property IS more 
effecuvely explOited m a technique known as Superabsorptzon [4 14]. 
Another development of the one-way equauon approach IS the Vanable CoeffiCient Boundary 
ConditIOn (VCBC) [4.15] The VCBC is analogous to the the VIBC m the way that It explOits 
a wave angle prediction algorithm to Improve the angular performance of the boundary A sec-
ond order operator IS used With Ih = CPe - D..CP and (h = CPe + D..CP, where 2D..q, IS a preselected 
angle between nulls m the second order reflection coeffiCient. Dunng the simulatIOn, the coef-
fiCients of the boundary conditIOn given m equatiOn (4.14) are modified by the predicted wave 
mCldent angle, and thus the direction of optimal absorptiOn IS effectively 'steered' towards the 
approachmg wave. Usmg one-way equauons to absorb from a Wide range of angles IS a con-
Siderable Improvement when compared to the VIBC, however it suffers from Similar problems 
and was not tested m detail for tlus reason. 
4 HIgh-performance absorbmg boundanes 91 
42.4 Expenmental study 
A vanety of numencal expenments were carned out to evaluate Hlgdon's method, mcludmg 
tests wllh the vehlcle-hke model descnbed earher. The purpose of the tests were to 
• Compare accuracy of first and second order boundanes With the MTBC 
• Examine the problems With stability reported in the hterature. 
• Assess the praclicallmphcatlOns of usmg Hlgdon's method for complex vehicle models 
Results 
Overall, much more accurate results were obtamed from Hlgdon's method than from the MTBC. 
Figure 4.9 shows the le = 500 MHz mesh result for a first order boundary The magmtudes of 
resonances are much closer to the reference solutIOn, and thiS was found to hold for a vanety of 
absorplion angles (see Figure 4.10) 
The result for le = 400 MHz shows good agreement with the reference solutIOn (see Fig-
ure 4 1 I), however the le = 600 MHz model IS unstable, and thiS made It necessary to truncate 
the lime domam response after 2250 IteratIOns pnor to Founer transfonmng 
To further mvestlgate the mstablhty seen m the le = 600 MHz model the number of IteratIOns 
was mcreased m the le = 500 MHz model. It was found that even m tlus model the lime-
domam response showed clear eVidence of mstabillty (Figure 4. I 2) It was found that the onset 
of mstability occurred even earher m the second order boundanes (Figure 4.13), and there were 
substanlial dlfficullies m mamtrumng stability for the duralion of the slmulaliOn m the fine-mesh 
benchmarks. 
10 
1.0 
09 
0.8 
0.7 
~ 06 
05 
04 
0.3 
0.2 
01 
0 100 
8, = 60" 
MTBe 
Reference 
" , 
200 300 
j(MHz) 
\ ! , 
I, 
~ 
, 
, 
400 
Flgure 4 9 Normahsed frequency response for t, = 500 MHz model wIth first order Hlgdon method 
0.9 
0.8 
0.7 
06 
.,q 05 
04 
0.3 
0.2 
01 
0 100 200 300 
f (MHz) 
81 = 00 
0, = 3D' 
0, = 60' 
, 
400 
FJgure 4 10 Effect of varymg the absorptIOn angle for tirst order Hlgdon method 
, 
I I I 
11 
09 
0.8 
07 
" 06 " I " ,
" r:r 0.5 " 
" 
04 
03 
" 
, 
, ' 
r, , 
, ' " 
I ' , r, , 
1 , , 
" 
t 
, I , , , \ 
, 
" " 
, 
, ' , , -~ 
02 , I 
01 
0 100 200 300 400 
f (MRz) 
FIgure 4 11 AbsorptIOn ID other models 
8, = 60' , j, = 400 MHz 
8, = 60',/, = 600 MHz 
Reference 
, 
" 
" 
, " 
" , I I' I I 111 
I I" '11 I, " ,I 
• \ I 
. , 
1\, 
, 11 
500 
" 
f , " 
, "I 
. , 
, I \ 
, 
11 ,. 
10 
8 
6 
4 
~ 
~ 
I 2 S 
;:-
S 
~ 0 
~ 
-2 
-4 
-6 
-8 
-10 
-12 
-14 
0 
~ Impulse response 
100 200 300 
Onset of numencal mstablhty 
400 
t (ns) 
500 600 700 
FIgure 4 12 InstabIlIty In first order Hlgdon method, 8, = 00 , I, = 500 MHz 
800 
30 
Onset of numencal instability 
20 ------.. 
10 
o 1------"1/ 
-10 
_20LJ------L-----L-----~~--~-----L--~-L--~~----
-10 o 10 20 30 
t (ns) 
40 50 60 
FJgure 4 13 InstabIlIty In second order HIgdon method, BI = 30°, B, = 60°, f, = 500 MHz 
4 HIgh-performance .bsorbmg boundanes 97 
4 2 5 D,scusslOn 
The experIments highlighted one of the major limitations of Hlgdon's method- mstabillty 
There are numerous potenttal causes of mstablhty, some of whtch are mherent m the analyttcal 
formulatton of the boundary operator and others which occur only m the discrete algonthm 
Evanescent waves 
The analyttcal condition descnbed by equatton (4.3) assumes that the waves stnktng the bound-
ary are propagating. Evanescent waves are unaccounted for m the formulatIOn of the boundary 
operator, and m general are not absorbed. In practtce, thiS means that sources and objects must 
be kept a reasonable distance from the boundary to allow evanescent fields to decay to a low 
level Chen et at have suggested that at least 10--15 nodes should be allowed for thiS to take 
place [3 6] In the test model at le = 500 MHz there were only 9 nodes, however, instability 
was observed even m models where there were many more nodes avrulable around the vehicle 
It IS therefore probable that evanescent waves were not the sole cause of mstablhty m thiS study 
Spunous modes 
Another potenttal cause of instablhty IS present because the wave propagatIOn speed IS a term m 
the expressIOn for the boundary operator As was explained m Sectton 2 5 2 (p 37ff), spunous 
modes can be madvertently excited m slmulattons Smce their propagatIOn speed IS slgmficantly 
higher than that of other waves they are not automattcally absorbed. In some cases the boundary 
operator has a gam greater than umty at high frequency, and thus spunous modes are a potential 
source of mstablhty In order to Improve stablhty preventative steps could be taken to mlmmlse 
the spurious modes in the model For example, the excitatton could be band-hnuted However, 
m the expenments a filtered ImpulSive excltatton was tested and thiS fruled to ehmmate the 
problem 
hnproved Implementattons of Hlgdon's method have been proposed which can extmgUlsh the 
spunous modes [36]. Other techmques reported have employed digital low-pass filters to re-
move high-frequency components [4 16]. However, studies mto these techmques have only 
reported hnuted success, with the onset of mstablhty bemg delayed rather than prevented 
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Operator order and dIscretisation parameters 
The dlscretIsatlOn process of the analytIcal operator, and selection of the operator order can also 
have a strong mfl uence. 
The chOIce of fimte chfference terms a and b has been shown to have an Important effect on 
stabilIty [4.11] It has been shown that to satIsfy the analytIcal stabIlIty cntenon a = b ::; 
05 [4.8] The popular chOIce for early stud,es of a = b = 0 5 IS to be aVOIded smce It renders 
the algonthm susceptIble to small numencal errors The more relIable chOIce of a = b = 
o 25 IS often adopted, as has been the case m th,S theSIS, although Zhang has reported from 
expenmental stud,es m 2-D TLM that a = b = 0 22 delays the onset of mstab,lIty the most 
effectIvely [4 17]. 
Corner regIOn InstabIlIty 
The d,screte algonthm IS applIed over the fimte regIOn of space represented by the margms of 
the TLM mesh It IS Important that objects or sources are not present m these regIOns as thIS 
breaches the condItIons of the transfonn from analytICal to d,screte domams for the boundary 
operator A hIdden consequence of thIS observatIOn occurs m the 'corner regIOns' where two 
or three absorbmg boundanes meet. Ramahl has observed that small errors occurrmg m the 
calculations for one boundary can act as a sources wltlun the calculatIon regIOn of an adJ3cent 
boundary [4.18]. This process amounts to an incompatIbIlIty at the corners and explams why 
Instab,lIty often appears to ongmate from the corners m experiments. It has been further sug-
gested that lugher order operators are not mherently unstable, but are sImply more susceptIble 
to corner regIOn mstabIl,ty. No solutIon to tlus problem has been found to date, and operator 
orders greater than p = 3 are generally regarded as impractIcal m open problems [3 6] 
DampIng factors 
Low frequency components and D C. also present potentIal stabIlIty problems Hlgdon has 
explamed that the denommator of the analytIcal expressIOn for the complex reflectIOn coefficIent 
approaches zero at low frequency [4.19]. The damping factors, Om, m equatIOn (4.3) ensure that 
tlus sItuatIon does not occur, and thus the stabIlIty margm can be improved Unfortunately th,S 
makes the reflection coefficient frequency-dependent, and therefore the introductIon of such a 
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tenn IS to be aVOIded If a wIde band response IS reqUIred An attempt was made dunng testmg 
to optlmlse the parameter drn, however, thIS appeared to make very lIttle dIfference to stabIlIty 
General comments 
Implementation-related errors can be reduced by employmg hIgher-precIsIOn anthmetlc, for 
example by replacing the usual smgle-preclslOn floating pomt numbers wIth double-precIsIon 
numbers. Tlus IS a sImple way of delaymg mstabllIty, although the storage reqUIrement IS 
mcreased. 
In general the problem of mstabllIty IS a very dIfficult one to aVOId or predIct, and thIS makes the 
Hlgdon ABC undesIrable. For example, It IS common practice m very long computatIOns to run 
a sImulatIon until the user perceives that impulse response has dIed sufficIently for the analysIs 
of results to begm WIthout pnor knowledge, It IS ImpossIble to know whether numencal nOIse 
has contnbuted to the impulse response at that pomt, or mdeed If numencal nOIse IS about 
to dommate the response. Tlus uncertamty raises Important Issues about the accuracy of the 
results 
The chance that mstabllIty could occur affects the usefulness of the boundary If, for example, a 
sImulatIOn needs to run for two weeks to obtam useful results It would be a consIderable waste of 
computatIOn and tIme If mstabllIty occurred before the sImulatIon had fully completed There 
seems to be no simple way of estimating when the mstabllIty wIll occur The expenments 
carned out suggest that a combmatlOn of factors are to blame, many of whIch are dIfficult 
quantIfy These problems are largely caused by an mcompatlbllIty between the TLM algonthm 
and the dIscrete operators applIed at the boundary Thus stabIlIty problems are mherent m the 
method and thIs makes removing or controllIng them extremely challengmg 
4.3 Global ABCs 
In order to aclueve proper absorption m three dImensions, It IS necessary to handle the absorbmg 
boundary as a feature of the whole computational domam, and not merely on a pomt-by-pomt 
baSIS. Tlus type of approach is often known as a Global ABC 
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4.3.1 TIme-domam dIakOptICS ABCs 
DlakOpUCS IS a well estabhshed method of partltIomng large structures mto smaller parts or sub-
structures [4.20] The substructures are then solved indIVIdually and subsequently reassembled 
by convolutIOn to fonn the solutIon 
The fundamental pnnclple of the method IS based around a dIscrete fonn of the analytIcal 
Green's functIOn The dIscrete tIme-domam Green's funcuon (or Johns Matrlx [4 21]) of a TLM 
substructure may be evaluated by measunng the ume-domam outputs along a gIven reference 
plane for a umt Impulse apphed to each transmlsslon-hne through whIch the plane mtersects 
The Impulses returnmg through the reference plane are fonned mto matnx contaimng a tIme 
lustory of all possIble umt Impulse responses. The accuracy IS detennmed by the number of 
tIme samples stored m the Johns matnx. 
Hoefer has extended the concept to mclude the modelhng of WIde-band absorbmg bound-
arIes [421] It IS necessary to evaluate the Johns matrIX for a regIOn of space whIch IS large 
enough to ensure that no SIgnalS are reflected before the matnx IS truncated m tIme The matnx 
obtained can then be apphed to the boundary of a suitable computatIOn domrun and, through 
convolutIOn with the outgomg boundary Impulses, produce a hIghly accurate absorbmg bound-
ary. 
The mam dIsadvantage of the Johns Matnx approach IS that the storage reqUIred IS extremely 
large It IS possIble m some cases to reduce the storage and respecuve computatIOnal tIme by 
usmg homogeneIty In the propagaung waves to reduce the space dImensIOns m the Johns Ma-
tnx, however thIS is not nonnally possIble m a generalised scattenng problem For thIS reason, 
the maJonty of studIes to date have focused on 2-D TLM and wavegUIde problems [411]. In 
3-D, Krumpholz et al. have descnbed a hybnd approach uuhsIng both dIscrete and analytI-
cal Green's functIons to reduce the computauonal overhead, however thIS suffers from stablhty 
problems [4.22] 
Overall, the results reported for Johns Matnx ABCs are extremely good, however theIr storage 
reqUIrement is prohIbItIve In the type of open field problem studIed In thIS theSIS 
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4 3 2 Perfectly Matched Layer boundanes 
Probably the most prorrusmg ABC to be reported m recent years IS the perfectly matched layer 
(PML) The PML techmque operates by usmg a special type of absorbmg matenal at the prob-
lem boundanes This lossy region IS normally several cells truck. The properties of the perfectly 
matched medIUm ensure that (theoretically) It IS reflectlonless for mCldent waves ongmatmg 
from any direction, and of any frequency. The PML techmque was ongmally descnbed for 
FDTD by Berenger [4.23, 4.24]. 
The pnnciple berund the method IS most clearly illustrated by exammmg the properties of the 
PML matenal itself. An ordmary matched layer IS formed for a TM field dlstnbutlOn by exam-
mmg the more general form of equation group (2 I) (given on p 15) With electnc and magnettc 
conductiVity terms: 
If now the condltton: 
8Hy 8Hx _ 8Ez E 
8x - 8y -<Tt+Uez z 
< JL 
(4 15) 
(4 16) 
(417) 
(4 18) 
IS enforced, then It IS possible to show algebraically that the matenal has the same charactenstlc 
Impedance as free space, and hence there would be no reflectton between a medlUm-to-free 
space boundary. Such a material could be used as a matched (lossy) layer, but thiS arrangement 
will only absorb waves wruch stnke the interface at normal mCldence. The key to the PML's 
ability to absorb waves propagattng at any arbitrary angle hes m the next stage of the analYSIS 
where Maxwell's equattons are restated in terms of spht field components For example, If 
Ez = Ezx + Ezy, equations (4.15) and (4.16) may be rewritten thus: 
8(Ezx + E zy } __ 8Hx _ H 
8y - JL 8t umy x (419) 
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(420) 
EquatIOn (4.17) IS sht mto two separate (non-physical) equallOns 
(421) 
(422) 
It can be shown that perfonnmg tlus sphttmg operatIOn and reapplymg the matchmg equation 
(4.18) to each of the newly created field subcomponents, that waves ongmatmg from any d,rec-
oon can be effectively dissipated. By duahty, the same kmd of expressIOns can be developed 
for TE waves The analysIs IS also possible for 3-D TEM waves by sphttmg both electnc and 
magnetic fields mto subcomponents. 
In the discrete Implementation, It Just remams to select a SUitable number of layers With dtffenng 
conductlvloes to gradually absorb waves entenng the PML matenal These layers nonnally 
begm with a small conductiVity, and gradually mcrease to a higher value at the boundary. The 
functIOn used to express thiS change m the matenal parameters IS tenned the conductiVity profile 
Thus, outgomg waves are progreSSively absorbed, and any nonnal reflectIOn due to the first 
layer's small but fimte conductiVity IS mmlmlsed. 
TLM ImplementatIOns 
There have been numerous attempts to produce a PML for use m TLM slmulatlons Early at-
tempts used an indirect approach where an FDTD regIOn was proVided to handle the PML, and 
thiS was mterfaced to the TLM region by a speCial overlap regIOn [425, 4 26]. The reflection 
coeffiCients which can be achieved by these methods are poorer than that achieved m a com-
parable all-FDTD simulation due to the hmlted accuracy of the mterface layer Nalive-TLM 
approaches have been investigated by Pena and Ney [427,4.28), Paul et al [429), and Dubard 
and Pompel [4 30) Of these approaches, the latter of the three appears to be most numencally 
effiCient 
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ExtenslOn to evanescent waves 
Because the PML can, due to Its low reflecnon coefficient, be placed slgmficantly closer than 
other boundanes to objects the presence of evanescent fields IS a serious conslderatlOn It 
has been shown that in its basic fonn the PML fails to absorb these fields effecnvely [4 31] 
Fang and Wu have proposed a method of modlfymg the FDTD PML to absorb evanescent 
waves [4 32] This techmque has subsequently been apphed to TLM by Le Maguer and Ney [4 33, 
434] by developmg Dubard and Pompel's method [4.30] 
The modtfied equations for this layer are (for example)· 
1 aHy _ aEzx 
{x ox - f~ + <I,.Ez• 
1 aHx oEzy 
- {y ay = f~ + <I,zEzy 
Where {x, {y are tenns chosen to damp evanescent waves. 
433 Method 
(423) 
(424) 
Scattenng m the PML SCN IS aclueved by a different method to the nonnal stub loaded SCN. 
The procedure must take account of the amsotr0plc loss tenns and apply them to 12 separate 
field subcomponents, instead of the usual 6 field components dunng scattenng Le Maguer and 
Ney have explamed how the PML equanons may be dlscrensed [433,434] The result of their 
analYSIS IS a revised set of scattenng equatIOns: 
Where: 
fltE.k = A.k(Vkm + Vkp. + Y..k Vcnk - 2VcnJ ) 
ZofltH'J = B.J(Vjnk - Vjpk + Z"J V"J - 2Vs.k) 
ZofltH.k = B.k(VkPJ - VknJ + Z"kV"k - 2V"J) 
(425) 
(426) 
(427) 
(428) 
4 HIgh-performance absorbmg boundanes 104 
A _ 2ct-tt-z 
,k - t;kt-Jt-k(2f, + ZOCTekCt-t ) 
B _ 2ct-tt-z 
'J - t;JJ1,t-Jt-k(2 + CT;.,;~t) 
B _ 2ct-tt-z 
,k - t;kJ1,t-Jt-k(2 + CT7.'~:t) 
These equatIons are used to compute the field components at the node by uSing theIr defimtlOns. 
i e. 
E, = E'J +E,k 
When thiS has been computed. the field components can be mapped to voltages and currents 
uSing slmtiar equatIons to (2 33) and (2 34). and then the reflected voltages are calculated from 
equatIOns (2 3 I) and (2 32) 
ThIs method uses 12 stubs to handle the PML medIUm properties Instead of 6 (stub-loaded 
SCN) in normal medIUm. The incident voltage emerging from the stub at the next tIme step IS 
calculated from field subcomponents as follows' 
'V; _ t-zE'J 
OtJ - 2 
'V; -st.] -
Slmtiar terms are used for VOtk and Vs,k. 
Zot-zH'J 
2 
(429) 
(430) 
The conductIVIty profile used In the expenments was a parabohc profile With conductIVities 
defined [4.35) 
(431) 
Where N IS the total number of layers and L IS the layer Index (where L = 0, 1,2,3, ,N -1). 
PT IS a chosen theoretIcal reflectivity corresponding to the first layer conductlVlty step. and thiS 
was set to -100 dB for numencal expenments. MagnetIc conductlvllles. CTm .. are chosen for 
the perfectly matched matenal by uSing equatIOn (4 18) 
ThIs Increasmg conductivity profile is apphed near to the problem boundary. With the conduc-
tIVity apphed m the coordinate dtrectIOn or directions reqwred for attenuatIon [4.23). The ex-
tremities of the problem space are normally terminated With a matched boundary to extlngwsh 
any unattenuated wave components. 
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4 3 4 Expenmental results 
The result of applylOg vanous PML boundanes to the benchmark problem are shown m Fig-
ures 4.14 to 417. Figure 4.14 shows that the result for a 7-layer PML has basICally the same 
features as the Higdon's method result shown m the prevIOus sectIOn From this and Figure 415 
It was concluded that the PML gave a result which was at least as good as Hlgdon's method, 
and much better than a matched tenninatlOn boundary 
Figure 416 shows the benchmark frequency response for 4-, 7-, and ID-layer PMLs The 
lO-layer PML had an evanescent wave absorblOg tenn lOcluded, and thiS shows that merely 
applymg a large number of layers and uslOg a large value of ~ does not guarantee a good result 
The 7-layer PML IS clearly better than the 4-layer PML, however, and tlus appeared to be the 
optimum for the nonnal reflectIOn coefficient chosen. 
It was found that the selectIOn of the evanescent wave absorblOg tenn was difficult, and a poor 
chOice readily gave nse to added reflections at the lOterface. In Le Maguer and Ney, a profile 
was proposed wluch lOcreased IlOearly close to the lOterface, and became umfonn deep m the 
layer The study m thiS thesIs used a unifonn profile for simplicity, however thiS made It difficult 
to choose a lugh value for ~. A value slightly greater than unity gave Improved low frequency 
results, however lOcreaslOg thiS to the value of 3 suggested by Le Maguer and Ney leads to the 
high frequency result belOg degraded (Figure 4 17). 
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4 3 5 D,SCUSSIOn 
In these expenments It has been found that the PML IS much more accurate than MTBC and at 
least as accurate as Hlgdon's method. It IS not possible to conclude from thiS simple study that 
the PML IS more accurate than Higdon's method, although the theory would seem to suggest 
this. The PML does absorb from all directIOns, and so this means that there should be less 
vanablhty between the boundanes reqUIred for different problems. 
In tenns of Stablhty, there were no problems observed m the configuratIOn and simulatIOn times 
selected Numencal errors are observed when the simulation IS run for much longer, but the 
PML was generally found to be more robust than Hlgdon's method The hterature already cited 
seems to suggest that instablhty occurs more readily m other apphcatlOns, and thiS may reqUIre 
more mvestlgatlon. 
The results show that a certam amount of expenmentatlon IS reqUIred to detennme how many 
layers are required and what profiles to choose for conductiVity and evanescent wave absorbmg 
tenns. They also suggest that the relative boundary placement must be chosen carefully 
One major problem With ABCs which require expenmentatlOn to produce the best result IS that 
m very large models It is impractical to generate a rehable (even bigger) reference model with 
MTBC. Therefore there IS some uncertamty about the exact perfonnance of the ABC 
It IS also Important to note that the PML cells use tWice as much memory as standard unstubbed 
SCNs, and therefore the attempts to Simulate a fixed memory avallablhty m the expenments 
were, to an extent, unsuccessful For the 115 x 46 x 54 mesh the 7-layer PML used a total of 
35% more memory than the MTBC case. It would be fairer to compare MTBC results where 
the memory reqUirement was matched, but tlus would be very difficult to aclueve. 
4.4 Summary 
A summary of the findmgs from the study are shown m Table 4 2. 
... 
ABC Reflection coefficient Angular response Frequency independence Memory usage Stability ~ 
MTBC Negligible Very poor, can only absorb Yes NeglIgible, only one reflectIon Excellen4 uncondItional ~ 
." 
from one direction coefficient required 
" ~ ~ 
'" VIBC AsforMTBC Improved over MTBC, but m- Yes Negligible Poor for complex field dlstn-
" " cldeDt angle must be accu- bullODS " 
'" rately detenmned 0-
'" ~ 
" Oq 
HIGDON Relalively low, but depends on Better than MTBC Since sev- Yes, but only Without damp- Moderate Voltages at prevl- Moderate, htgh order opera- 0-
c 
boundary order ete eral absorptIOn angles may be ing factors allS time steps reqUIre stonng tors are harder to stabilise 
" 
" selected ~ 
" '" 
VCBC As above Better than VIBe Since ab- As above As above Poor for complex field dlStri-
sorptIOn can be achIeved over buttons 
a greater angle, and thus lower 
accuracy can be tolerated m 
the predicted mcrdent angle 
JOHNS Potentially very low, but de- Excellent Yes High Excellent, unconchttonal 
MATRIX pends on duratIOn of stored 
Impulse response 
PML Low, but depends on conduc- Excellent Yes Moderate More per-node Generally good. though some 
tlvlty of first layer. number of voltage storage reqUired In Instability reported 
layers and evanescent absorb- PML regIOn 
mg term ~ 
Table 4 2 Properties of the ABC types studied 
-
-
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4.5 Conclusion 
Whole veJucle slmulatlOns often Involve long simulatIon runs (two-week computatIOns are not 
uncommon), and often include varied features such as on- and off-veJucle antennae Given the 
long computation time, and the vaned nature of the problem, It IS debatable whether the more 
advanced techmques are appropnate 
It has been shown that predictIng the tIme where instability occurs can be extremely difficult, 
and perfonmng exhaustIve tests to test stability of all possible vehicles and configuratIOns IS 
Impossible. Attempts to improve stability by means such as mcreasmg the numencal accuracy 
are successful, but have an associated mcrease In the memory overhead. For these techmques to 
work effectively It would be necessary to carry out an extensive study of many veJucle models, 
and tJus was beyond the scope of tJus theSIS. 
Thus, the MTBC will probably remaIn the standard mesh truncatIOn method for TLM due to 
• Guaranteed stability m all circumstances 
• Predictable accuracy, which can be maIntaIned by a volume of free space 
• Frequency-mdependent operatIon 
• Simplicity to Implement In software 
It IS worth remembenng that most users of modellmg are concerned with the deVice bemg 
modelled, and are not overIy concerned With the operation of the TLM algonthm. In order to 
be useful to those users simple methods need to produced, or faIlmg that methods where the 
deCISIons can be made mathematIcally by the TLM progrrun Itself. To date, that SituatIOn has 
not been reached by the one-way equatIOn or the PML, and untIl then It IS unlikely that advanced 
methods will be Widely adopted. 
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CHAPTER 5: 
IMPLEMENTATION 
SOPHISTICATED models WIth a large number of nodes and many features place SIgnIficant demands on the computauonal platfonn. It IS crucIal that the modelhng process consIders 
practIcal Issues rrused by the apphcauon of the algonthm on a dIgItal computer Some of the 
specIfic challenges wluch present themselves when Implemenung TLM are 
• The run Ume may be large. 
• SpecIahsed technIques may be reqUIred to model partIcular features of the problem 
• There IS an increasing interest In combInIng TLM WIth other numencal methods. 
• There are Issues related to the numencal accuracy. 
• A large amount of memory may be reqUIred to store node voltages for the model 
Tlus chapter addresses these Issues, and demonstrates the need to manage computatIOnal re-
sources effecuvely In order to opumlse the result of the modelling process 
51 Run time 
The amount of computaUonal run Ume is an extremely Important factor when assessIng the 
pracUcahty of any modelhng task. 
In TLM tlus run Ume wIll depend on the the number of tIme steps reqUIred, whIch In turn 
depends on' 
• The reqUIred resolution in the transfonned frequency response 
• The duration of the ume-domrun Impulse response of the physIcal system. 
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Precisely which of these IS most slgmficant depends on the charactenstlcs of the system bemg 
modelled 
Low Q-factor systems have a fimte duratIOn Impulse response. In these !lus type of simulatIOn, 
the energy in the system must be allowed to decay to a very low level to ensure that the observed 
resonances m the frequency domam are of the correct magmtude It follows that the lower the 
Q-factor, the shorter the dural10n of the Impulse response and the sooner the simulatIOn may be 
stopped It IS therefore advantageous to mcorporate losses m the model wherever they occur m 
the physical system m order to mmimlse the number of I1me steps and hence the computatIOnal 
run time 
High Q-factor sltual10ns are less common m EMC, as they mamly occur m closed systems The 
energy decays extremely slowly, If at all, and so It IS necessary to truncate the lime domam 
response before the resonances have died away. When !lus truncal10n takes place depends on 
how accurately the data IS requITed once It has been transformed mto the frequency domam 
(usmg, for example, the Discrete Fourler Transform (DFT) [S.I]). An adequate number of 
samples are reqUired in order to resolve close-together peaks m the spectrum and to obtam the 
magmtude of the resonances With SUitable accuracy 
The vast maJonty of sltuauons encountered m EMC slmulal10ns ofvelucles are low-Q, although 
there IS mterest m Slmulal1ng reverberant (non-absorber-hned) rooms and these are m the hlgh-
Q category. For simulations where there IS only moderate dampmg of the resonances, long 
computal1onal runs are mevltable 
5 1 1 Hardware 
The TLM algonthm has been implemented on a Wide range of computer hardware. Hlstoncally, 
powerful workstal1ons have been the preferred computauonal platform, although there has been 
a recent trend towards usmg cheap, powerful, desktop Personal Computers (PCs) [S 2] The 
ever-mcreasmg demands to produce more accurate models more qUickly has raised the mterest 
in usmg other hardware. These altemal1ve Implemental10ns can be broadly categonsed mto 
• MasSively parallel SIMD (Smgle Instrucuon, Mull1ple Data) machmes [S 3, S.4, S S] 
• Dlstnbuted parallel maclunes wluch use a network of workstal1ons acl1ng as a smgle 
parallel computer [S 6] 
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• Hardware accelerators, wluch may be added to a desktop PC to enhance performance [5 7] 
The interest m Implementmg TLM on parallel platforms IS understandable; particularly m the 
area of automotive EMC where complex, accurate geometry descnptlOn and high model band-
width IS reqUired 
SIMD maclunes have been a popular chOIce of researchers because of the seemingly convement 
manner that a 2-D TLM mesh maps onto a 2-D array of processing elements In practice there 
are considerable problems where the TLM mesh IS larger than the number of processors. In 
these cases It IS necessary to divide the problem Into indIVIdual tiles for processing Often, the 
tiles are transferred from the host machine to the array for processing and returned once the 
TLM algonthm has been apphed. The tiles are then connected In the host machine and so the 
algonthm continues 
A techmque hke tlus was apphed by Parsons et al [5.6] to a rustnbuted parallel maclune With 
many tiles being processed In parallel by different dlstnbuted workstatlons. The exchange of 
data between the host maclune and the parallel array, or between workstatlOns dlstnbuted over 
a computer network, IS a relatively slow process when compared With the mternal speed of the 
processor array, or of an mruvldual workstation. As a result, the transfer of data can become 
the hmltlng factor m the overall performance, and thiS may outweigh any Improvement In the 
calculation speed. Despite this potential problem, a number of investigators have reported an 
ImpreSSIve speedup by applymg parallel hardware to TLM. 
Despite the mterest m parallel computmg and a number of successful ImplementatIOns, no com-
mercial parallel TLM code IS readily aVaIlable. The maIn reason for thiS IS that parallel machmes 
have a relatively short hfespan, are expensive and often require platform-specific code to be 
wntten. In adrutlon, the implementation of the algonthm IS more difficult smce It may need 
careful optlmlsatlon for a partIcular architecture. 
The future of parallel TLM may he m dlstnbuted processing, because networks are common, 
data rates are Improvmg, and powerful desktop PCs are relatively cheap Another strong advan-
tage IS that standards are begmmng to emerge, such as Parallel Virtual Machme (PVM) and thiS 
allows a degree of platform independence for parallel computer codes [5.8]. 
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5.2 Programming methodology 
In order to Implement the TLM algonthm WIth optimum efficiency, the computer code must be 
wntten carefully. Apart from accuracy, the performance, memory usage and complexIty of the 
code are all Important Issues. 
For example, scattenng can be much more quickly achieved by usmg a specIal method, such as 
that descnbed by TrenIac et al. [S.9] (based on the empirical form denved by Naylor and Alt-
Sadt [2.19]), which muumlses the number of mathematical operations In additIOn the storage 
reqUIrement can be muumised by selecting an appropnate node type, and by stonng scattenng 
coeffiCIents only once per distinct node regIOn 
A varIety of spectahsed techmques are used to model the vanous features WlthlO a TLM model, 
and there IS an IOcreased interest in using hybrid methods where TLM IS comb1Oed WIth other 
numencal techmques [S.10, S.l1]. These factors have contnbuted to the overall complexIty 
of TLM codes, and thIS has mcreased the potential for programm1Og errors. ObJect-onented 
languages provIde excellent faclhtles for managmg complexIty, and were 10vestlgated as an 
alternative to more tradtttonal procedural approaches 
52 I ObJect-anented methods 
A formal deSIgn methodology has been proposed by Rumbaugh et at [S 12] known as the Ob-
Ject Modellmg Techmque (OMT). A summary of the design process IS shown 10 FIgure S lOne 
Important feature of the method IS that the Implementation IS the last stage of the deSIgn. ThIS 
ensures that all of the concepts, algonthms and architecture of the program are fully developed 
before any attempt IS made to put the deSIgn IOta programmmg language It also has the advan-
tage that a degree of portablhty IS mamtamed among the grow1Og selectIOn of obJect-onented 
languages. 
A SImple TLM solver deSIgned with OMT 
In order to evaluate the method, OMT was apphed to the deSIgn of a SImple solver for SeN-
based TLM WIthout graded cells. One pOSSIble OMT dtagram (follow1Og the notational scheme 
detaIled 10 [5.12]) IS shown m FIgure 5.2. 
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SYSTEM DESIGN 
OBJECT DESIGN 
IMPLEMENTATION 
Important properties of 
the problem are Identified 
High-level decISIons about 
the architecture are made. 
Data structures and 
algonthms are deSigned 
Objects and relatlOnslu ps 
are Implemented m a 
programmmg language 
Flgure 5 I ObJect-onented deSign methodology 
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A powerful feature of object-oriented languages is polymorphzsm This property allows dif-
ferent classes of object to have their own mchvldual ImplementatIOn of a given operatIOn For 
example, three classes of transmlsslOn-lme are defined m the model shown m Figure 5 2 Each 
class has an operation connect, and yet all are allowed to Implement It differently For ex-
ample, a nonnal TransmiSSIOn-line object simply exchanges pulses dunng connect, however 
a Shunted-lme object apphes a transmission/reflection process when connect IS mvoked. An-
other useful faclhty m obJect-onented code IS mheritance, where new classes may be denved 
which are closely related to eXisting ones. For example, m the TLM model, there are three 
denved classes from the base class SCN, i e Source node, Short CircUit node, and Stub-loaded 
SCN These nodes retain many of the properties of the base class, but may 'own' different 
vanables and Implement therr operations differently. The ablhty to encapsulate objects IS well 
developed m obJect-onented languages. Tlus allows for structured and readable source code 
which IS sUitably abstracted. 
In practice, different types of SCN may be combmed at Will With different types of transmiSSIOn 
lme. ThiS enables the different features of the phYSical problem to be mcorporated mto the 
model. At run time, calhng scatter on nodes and connect on transmiSSIOn hnes mvokes the 
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Flgure 5 2 OMT model of a simple TLM program 
correct routines for the specific object type m use It has been proved that obJect-onented code IS 
reahsable and can produce highly readable and mamtamable code, however several drawbacks 
have been Iughhghted by expenments. 
52.2 Results and dIscussion 
One of the mam hmltatlons of obJect-onented code was found to be computaUonal performance 
The execution speed of a simple obJect-onented code was slgmficantly poorer than that of a 
comparable non-object-oriented code. When more advanced programmmg techmques were 
employed m the obJect-onented code (such as hnked hsts), the performance of the codes was 
smular. Employmg these performance-enhancmg measures tends to mcrease the complexity 
and degrades the simplicity of the code overall In addition, obJect-onented techmques tend 
to reduce the ablhty of the programmer to control memory allocation In some circumstances, 
especially where a large number of nodes are to be processed, It IS deSIrable to control the 
allocation of memory manually m order to obtam the best performance [5.13]. 
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A shght storage mcrease was observed when usmg the obJect-onented program ThIs occurs 
due to the hnktng of objects through pomters and IS unavOIdable In some respects, the use 
of memory IS more efficIent smce the compleXIty of an object used m a partIcular area of the 
problem can be chosen appropnately, e g. stubbed nodes need only be used where reqUITed and 
so fewer voltages are stored. 
Object onented techmques are a rehable and fleXIble way of producmg a TLM program, how-
ever, applymg obJect-onented code at a node and transmlsslOn-hne level was found to be awk-
ward and offered no performance advantage over tradItional approaches It was, however, found 
that applymg the techniques to the user level routines slgmficantly slmphfied the code The 
grapmcal user interface (GUI) was eaSIly programmed usmg these methods, and has been suc-
cessfully apphed m dus way by other mvestlgators, such as So and Hoefer [5 14] It seems 
reasonable to adopt a mIxture of techniques, usmg tradItional methods to Implement the TLM 
algonthm to satIsfy performance consIderations and usmg obJect-onented methods to Imple-
ment the mput/output routines for convemence. 
5 3 Numerical accuracy 
Jm and Vahldleck have shown that the SCN and HSCN can be dIrectly denved from Maxwell's 
equations through a process of centered dlfferencmg and averagmg [2.12]. Furthermore, they 
observe that the connect process IS mtnnslcaIly free from errors, and therefore the only source 
of locahsed error IS that assocIated WIth the scatter process. Their analYSIS has shown that 
TLM has accuracy eqUIvalent to a second order fimte dIfference scheme both for graded and for 
ungraded meshes 
In order to evaluate the practical effects of these observatIOns, a popular canomcal problem was 
employed A 1 m x 1 m x 1 m lossless cavIty WIth PEC walls was modelled WIth an ungraded 
mesh of III = 0.1 m and 1000 Iterations computed. ImpulSIve excItation was proVIded at a 
pomt wltmn the cavIty, and the resonant modes were exarmned m the manner descnbed by 
Hernng [5 15] 
When the node voltages were stored as double precISIon real numbers, the frequency spectrum 
observed IS that shown m FIgure 5.3. In dus problem It has been reported that the resonances 
calculated from the TLM model agree parttcularly well WIth the analytIcal solution for a cavIty 
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resonator [5.16) and this was duly confinned 
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FJgure 5 3: Simulated resonances m a 1 m' lossless cavity usmg double preclslOn real numbers 
In order to Simulate the effect of lower precision anthmetlc, a routme was built mto the com-
puter code to modify the floatmg pomt number dunng the scatter process. The routme emulated 
the effects of usmg lower precislOn arithmetic by roundmg the mantlssa of the node voltages to 
a fixed number of bmary digits dunng calculations. The effect of tIus arllficlal roundmg process 
on a smusOld IS shown m Figure 5.4 The machme m use observed the IEEE standard relat-
mg to floatmg pomt numbers [5 17), and slmulatlOns were conducted With different manllssa 
lengths m the range 1-24 bits The exponent length was also vaned and the effects noted A 
further simulatIOn was perfonned With double precIsIOn anthmellc m order to act as an accurate 
reference 
ObservatIOns 
The resultant amplitude of the resonant peaks observed m the frequency domam data for differ-
ent manl1ssa lengths are plotted in Figure 5.5. 
Where lower precIsIOn anthmetic was emulated m the code, slgmficant roundmg errors occurred 
and thiS effect manifests Itself as arlificlalloss modelled m the system The mam undeslfable 
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FJgure 5 4: Effect of blOary roundlOg the manl1ssa of a slOgle preclSlon number on a smusOld 
effect IS that the Q-factor of the resonances IS lowered (I e. the simulated resonances are leaky) 
which means that close-together resonances are harder to resolve Interestingly, the resonant 
frequencies In all of the slmulatlOns were reasonably accurate, even down to 4-blt precISIon 
In tenus of the amplitudes, the expenment indicates that good accuracy can be obtained with as 
few as 15 bits. ThiS may be useful In a highly optlmlsed hardware system, where the amount of 
stored data needs to be mlmmlsed On machines With IEEE standard floating pOint numbers It 
can be seen from the plot that uSing double precision anthmetlc (53 bit mantlssa, 64 bits overall) 
offers very little advantage over single precISIon (24 bit mantlssa, 32 bits overall) In tenus of 
accuracy In the observed electric field strength. 
Altenng the exponent bit length was found to only affect the dynamiC range of the model, and 
with the excitatIOn strength used there were no observable effects. With much larger or much 
smaller magmtude excitation there were problems With the Signal gOIng out of range USing 
appropnate scaling, It IS pOSSible to use a fixed pomt number, even an Integer quantlty, but thiS 
IS Inconvement In practice and offers no computatlonal advantage on most workstatlons 
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FIgure 5 5 Resonant magmtudes for dIfferent mantlssa lengths and an 8-blt exponent, except for 53-bIt 
where exponent length = ll-blt (IEEE standard double precISIOn number) 
53 1 Roundoff errors In tIme step calculatIOns 
In some circumstances the roundmg which occurs m floatIng pomt numbers IS slgmficant The 
actual process of roundmg leads to roundoff error, and this IS qUIte easily demonstrated by 
evaluatIng the expressIOn X*(1/x) on a dIgItal computer for different nonzero real numbers 
DIfferent values for X produce a result which IS not precisely equal to the (tnvtal) analytIcal 
solutIon of X= 1. 
CalculatIOns of this type occur frequently m the evaluation of certam parameters Within a TLM 
program One parucular example IS the chOIce of stub values In the symmetncal condensed 
node. If the smallest value stub IS the x-directed capaCItIve stub, then 
where :Vox IS the nonnalised stub admittance and 
( = <rx f>y f>z 
c f>x 
(5 I) 
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If this particular stub lllmts the maxImum I1me step 
(5 2) 
The analytIcal solul1on obtamed by subsl1tul1on IS simply, Yox = O. However, expenmentatlOn 
shows that dIfferent values of ( YIeld dIfferent values for this stub, some of whIch are negal1ve. 
Even small valued negal1ve stubs lead to instabIlIty in TLM slmulal10ns so thIS IS a matter whIch 
needs to be addressed. It IS helpful to examme how the errors mtroduced at each stage propagate 
by mtroducmg the roundoff errors el and e2 mto the analyl1cal formulatIOn, I e 
- 2( 
Yox = t..t + et - 4 (53) 
(54) 
Substltul1ng as before· 
(55) 
If now the mequalIty Yox ~ 0 IS applIed, then the lImIt on the error terms may be expressed 
After a lIttle mampulatlOn, It IS faIrly straIghtforward to show that: 
(56) 
Tlus mequalIty can be used to examme the roundmg behavIOur of the maclune m use For 
example, If the dIVIde operation rounds down the result thIS gIves et and e2 a pOSItIve sIgn 
Exammmg equatIOn (5 6), it can be seen that there are values for ( where the mequalIty IS not 
sal1sfied. In order to correct the problem, the I1me step may be reduced by a very small fractIOn 
to oppose the roundmg error m the stub calculation A sImpler method IS to ensure that the 
program inspects all of the stub values, and sets any small negal1ve stub values to zero. 
53 2 DISCUSSIOn 
In general, the accuracy reqUIrements of TLM are well wlthm the capabIlItIes of current corn-
putal10nal platforms FIoal1ng pomt numbers are adequate for represenl1ng the node voltages 
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and stub values, although care must be taken to ensure that negatIve stub values generated by 
roundoff are ehmlnated. 
Integer anthmetIc is not sUItable for most apphcatIons, since It degrades the dynamIc range 
of the results and forces the use of appropnate scahng The mIcroprocessors In most modem 
workstatIons and desktop PCs have high perfonnance floatIng pOint operatIons bUIlt In, and so 
In tenns of the run speed there IS no partIcular advantage In uSing Integer types. 
5.4 Memory management 
In vehIcle EMC, the target has physical dImensIOns whIch may be many wavelengths at the 
hIghest frequencIes of interest It is therefore ineVItable that a very large number of TLM nodes 
wIll be reqUIred In order to produce a SUItable model. In addItIOn there are certain areas of the 
model where the wavelength of the inCIdent radIatIOn IS much smaller than that In free space 
Much smaller cells are reqUIred In these areas In order to counteract the effects of dIsperSIOn, 
and thus the storage problem IS exacerbated. 
It is essentIal to ensure adequate memory IS avrulable for stonng node voltages and other pa-
rameters wIthIn the model. Most operating systems employ the concept of phYSIcal memory 
whIch refers to the Random Access Memory avatlable In the machine, and vzrtual memory 
whIch refers to adchtIonal memory emulated by means of dynamIcally exchanging blocks be-
tween physical memory and a storage deVIce. ThIS process IS known as memory paging or 
swapping. The exchange of data between the deVIce and memory IS a relatIvely slow process, 
and the amount of swapping must be minimised in order to obtrun the most effiCIent code. 
In practIce, indIVIdual machines have a memory hmlt for a gIven TLM code where the tIme 
taken to exchange memory blocks from the storage deVIce becomes prohlblllve [5 13] ThIS IS 
a quahtallve measure, and may depend on an individual person's percepllon The hmlt may be 
slgmficantly less than the total amount of memory avrulable because of the temporary storage 
reqUIred for calculations etc , and by other programs consuming resources such as the operating 
system and the TLM program code Itself whIch WIll be runmng concurrently. ApproXImate 
hmltatIons for a range of workstatIons are shown In Table 5 I. 
The amount of memory required IS also affected by the number of stub voltages whIch need 
to be stored for each node. The storage requuements for each node are shown In Table 5 2 
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Iteration 
tlme 
(s) 
30 I I I I I I I I I 
~ 
25 f- -
20 r- -
15 r- -
10 r- -
~ 
5 f- -
0 i I I I I I I I 
0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000 
Nnodes 
FJgure 5 6 Run Ume on a PentlUm 90 PC WIth 40 MB physical memory and 80 MB vIrtual memory 
uslOg the LlOux operaung system 
Other factors, such as the number of matenals m use can also slgmficantly affect the starage 
reqUlrements m complex models. Far example, for the machme used to generate Figure 5 6, 
the plat demonstrates that the maclune has a physical memory lImit of approximately 450 000 
nodes befare the onset of swappmg. This corresponds to approXImately 31 MB of memory, 
mdlcatlng that the TLM program code and aperatmg system occupied approximately 9 MB of 
physical memory 
Machine RAM Number of nodes 
Old 386/486 8MB ~ 104 
Early Pentlum 16MB ~ 105 
Average Desktop PC 128MB ~ 106 
Modern WarkstatlOnlSupercamputer [5.18) 2 GB upwards ~ 107 
Table 5 1. ApproxImate camputauanal hmlts far SCNs 
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Node type Variables Storage requirement 
SCN 12 float, sIngle precIsIon 48 bytes 
Stub loaded SCN 18 float, sIngle precIsIon 72 bytes 
HSCN(I) 15 float, sIngle precISIon 60 bytes 
HSCN (IT) 15 float, sIngle precISIon 60 bytes 
SSCN 12 float, sIngle precISIon 48 bytes 
Table 5 2 Storage reqUIrements for dIfferent 3-D node types 
5.4 1 Assessmg the storage requIrement 
In order to provIde a qUIck assessment of how many nodes are reqUIred for a gIven phYSIcal sys-
tem, a sImple method was deVIsed ThIS method works on a 'best case' scenarIO, and assumes 
that cells of dIfferent SIzes may be combIned Ideally. 
FonnulatIon 
In order to salIsfy dIspersIOn constramts at least ten nodes are reqUIred per wavelength at the 
maXImum frequency of interest ThIs must be followed for all matenals In the model, IncludIng 
those wltlun matenals of lower wave velOCIty such as ciIelectncs. Therefore matenals WIth Iugh 
relalIve penmtlIVlty and penneabllIty reqUIre a correspondmgly small cell sIze. 
GIven the ten nodes per wavelength lImIt and nonferrous matenal, It can be shown that the 
frequency nonnalIsed mInImum node denSIty reqUIred In regIOn, of the TLM model, Dh can 
be approXImated by. 
(57) 
The node denSIty reqUIred for some typIcal matenals used m motor velucle manufacture are 
shown m Table 5.3. Note that m general the perrmtlIVlty IS both complex and frequency depen-
dent, and although it is pOSSIble to mclude these properties in the TLM model they are often 
Ignored for economy. 
Once the volume of each matenal to model IS known, the nunimum number of nodes may be 
obtamed from 
m 
Nnodes = f3 L D,II, 
1=1 
(5 8) 
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Material Er D, (xlO-24node S3.m-3) 
Air 1.0006 370 
MmeralOIl 22 121 
PVC 27 164 
Rubber 3 192 
Glass 6 544 
Water 80 26500 
Table 5 3. Frequency normalIsed minImum node denslUes for dlelectnc matenals 
Where v, is the volume of each distInct area of mesh, f IS the maxtmum frequency of Interest, 
and m IS the number of dIstInct mesh volumes. 
The number of nodes which can be realistIcally coped WIth depends on the computatIOnal plat-
form, and can be determIned experimentally. GIven the maxImum number of nodes whIch 
may be employed, and the matenal volumes In the phySical system It IS possible to estImate a 
practIcal frequency limit, f max for the model by rearrangmg equatIon (5 8) 
fmax = 3 Nnodes,max L~ID,v. (59) 
Comments 
In practIce, this techmque wIll often underestImate the number of nodes reqUIred and overes-
tImate the practical frequency limit This IS maInly due to the assumptIOn that different sized 
cells can be combIned arbitrarily which is not possible With current multIgnd and gradmg tech-
mques [5 19,520,5.21,522] The amount of memory reqUIred for an mdlVldual problem IS 
also mcreased by other specialised methods which may be In use (see FIgure 2 13, P 40ff) 
DespIte these limItatIOns the method IS useful for obtaInmg a first estImate, and has been found 
to be a valuable yardstick when determInIng the practIcality of slmulatlons 
For example. 
"What IS the maXimum frequency that can be expected from a TLM model of a 
screened room With dimenSIOns 3.61 m X 3 05 m x 4.83 m when computed on a 
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desktop PC ?" 
Assummg the PC aVaIlable IS the one tested m Figure 5 6, the maximum number 
of nodes before excessive swappmg takes place IS approximately 4 5 x 105. 
The chamber volume IS: 3 61 x 3.05 x 4 83 = 53.2 m3. 
The node density required m free space is approximately: 37 x 10-24 node S3 m-3 
Therefore fmax = 3 37x1~X'\O:53 2 = 611 MHz 
54 2 DynamIc node actIvatIOn 
132 
At the very start of most TLM slmulauons a large number of nodes wlthm the mesh are ef-
fectIVely redundant. Unul voltage Impulses are expenenced on a parucular node's ports, It IS 
unnecessary to perform scattenng, or to transfer pulses between mactlve nodes Additionally, 
there are often nodes wluch are never mvolved m calculatIOn such as those con tamed wltlun 
volumes where, m the real world, fields do not penetrate From a computational vlewpomt, It 
would be highly desirable to reduce the total number of calculatIOns reqUired m the simulatIOn 
These observations were the motivation for producmg the followmg algonthm 
54 3 AIgonthm development 
The volume of nodes excited by a point source m a TLM mesh IS shown m Figure 5 7 An 
a1gonthm can be devised to replicate this changmg pattern m three dImensIOns m order to 
control the scattenng and connecting processes dunng the simulatIOn 
The algonthm Itself must not slgmficantly mcrease the storage reqUirement nor must It be overly 
complex, smce the TLM a1gonthm Itself IS very simple. If these specificatIOns are not met then 
the overall performance is lIkely to be degraded rather than Improved 
As a first attempt, the POSSIbilIty of exammmg all the port voltages at each time step and per-
formmg scattering accordmgly was considered. This idea was quickly rejected by expenment 
In fact, the time taken to test each millvidual port voltage was found to be appreCiable when 
compared With the calculatIOn tlme of the TLM algonthm Itself 
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FJgure 5 7 Nodes excited around a pomt source at tIme step n 
The algonthm 
In practIce It was found that a small addItIonal area of storage was necessary m order that the 
status of 'actIve' and 'mactive' was globally avatlable to the scatter and connect routmes m the 
program. 
A system based on bmary dIgIts was devIsed WIth a smgle bIt allocated for each node LogIc 
'0' was stored for 'mactIve' and 'I' for actIve These bIts were arranged m a 3-D array, denoted 
an[x, y, zj, WIth the contents of thIS array updated at each Iteratton ThIS array was used as a 
control for the computatton m the TLM algonthm 
The update routtne IS an extremely sImple process mvolvmg SIX logIcal OR operatIOns per node 
as shown m equatton (5.10). 
an(x - l,y,z) + an(x + 1, y,z)+ 
(5 10) 
an(x, y - 1, z) + an(x, y + 1, z)+ 
At the start of the slmulatton, ao[x, y, z] was imttahsed to '0', and where nodes were eXCIted m 
the TLM mesh a 'I' was placed m a correspondmg place m the ba array. Any bas outSIde the 
array were assumed to hold logic '0'. 
By !hts process the spreadmg behaVIOur shown in Figure 5.7 could be emulated WIth a nummal 
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amount of addloonal storage and execuoon ome 
Incorporatmg 'dead' nodes 
In some slmulaoons there are permanently macove nodes, such as those bounded by a perfect 
conductor The algorithm can be adapted to take account of these by mcludmg another bmary 
array (see Figure 5 8). In thiS case the array, K[x, y, z] is constant throughout, and contams a 
[QJ 
+0+ 
+ 
n=1 
+ 
+++ 
+ + +",+,-+"---,,,--', 
+++ 
+++ 
+++ 
+++ 
+++ + +++ 
+++++0+++++ 
+++++++++++ 
+++++++++++ 
n = 11 
F1gure 5 8 Use of the algOrIthm with 'dead' nodes 
mask for an[x, y, z] I e. permanently inacove (dead) nodes are represented by '0' and all others 
by'\'. Each element of K[x,y,z] is then logiC 'ANDed' with Its correspondmg element m 
a[x,y,z] 
an+l{x,y,z) = K{x,y,z).[an{x,y,z)+ 
an{x - 1, y, z) + an{x + 1, y, z)+ 
(5 Il) 
an{x, y - 1, z) + an{x, y + 1, z)+ 
an{x,y,z - 1) + an{x,y,z + 1)] 
ThiS extensIOn to the basiC algonthm, has positive Imphcaoons m terms of memory usage, smce 
It IS possible to aVOid stonng nodes which do not take part m the simulatIOn. 
5 4 4 OperatIOn 
The algonthm m Its most basic form was apphed to a 51 x 51 x 51 node mesh of SeNs and 
dlffenng types of excitation were apphed. It can be seen from Figure 5.9 that reduced IteratIOn 
times can be achieved by applymg this method and the amount of Improvement IS dependent 
on the pOSitIOn of the excitaoon. The plot also shows that the algonthm has some overhead m 
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tenns of computation time. It has been found that a better result can be achIeved by stoppmg the 
update of an[x, y, z] once it is full of 'I 'So Other tests were conducted wIth dIfferent mesh SIzes, 
(s) 
1 6 
14 
1 2 (c) 
1 
08 
06 
04 
02 
o 20 40 60 80 100 120 140 160 
Iteration number, n 
FIgure 5 9 IteratIOn llmes ID a 51 x 51 x 51 node 1LM mesh for (a) normal sImulatIOn, (b) excItatIOn 
at the mesh centre, (c) excItatIOn near to a corner and (d) plane wave excItatIOn at z = 0 
and by usmg the algonthm m equatIon (5 11). USIng 'dead' cells was found to be advantageous, 
prodUCIng significant savIngs In memory where large volumes bounded by PEC were present In 
the model 
54 5 DlscusslOn 
It IS pOSSIble to produce an expression for the number of nodes Involved In the calculatIOn 
at time step n by consldenng the way that the pattern shown In FIgure 5.7 evolves In three 
dImenSIOns: 
132 ) Nhve = 3"(4n + 6n + 8n + 3 (5.12) 
The eXCIted volume for an ungraded mesh of SCNs at tIme step n IS therefore 
3 /:,/3 3 2 
Vhve = Nhve /:,/ = T(4n + 6n + 8n + 3) (5 13) 
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It IS useful to compare this volume to the volume wluch would be excited In the real world by 
a POInt source radiating in free space. A POInt source spreadIng sphencally With the wavefront 
propagatIng at c ms-I would excite a volume of: 
4 3 4 3 
Vhve(real) = 311"r = 311"(ct) (S.14) 
If It is assumed that t = 0 when n = 0 and the maximum time step In the TLM mesh IS tJ.l/2, 
so 
Therefore, the volume of excitatIon IS. 
tJ.l 
t=n-
2c 
4 3 (tJ.l) 3 3 11" 3 3 
Vhve(real) = 311"C 2c n = "6tJ.l n 
(S IS) 
(S 16) 
The volume of nodes which have voltage Impulses travelhng on them IS larger than the volume 
produced from the spreadIng wavefront This IS to be expected as vOltage Impulses travel con-
siderably faster on the TLM mesh than waves below the cutoff frequency (see FIgure S 10) By 
volume = 9".t.13 
2 
o I 
volume = 63tJ./3 
-
0 J 
-
n=3 
FIgure 5 10 Volume of space and eqUivalent volume of nodes excited around a pomt source 
dIVIdIng equatIon (S.13) by equatIon (S 16) it can be shown that for large values of n the volume 
of nodes Involved In the computatIon is ! tImes the physical volume bounded by the wavefront 
As tlus result demonstrates, the TLM mesh is filled with IndIVIdual impulses much earher than It 
IS filled With waves. Even In very low-Q slmulatlOns the total simulatIon time should permit the 
wave to traverse the workspace several tImes. TakIng thiS Into account, It IS debatable whether 
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there IS any benefit In applyIng an algonthm However, the advantage of usmg 'dead' nodes 
IS consIderable smce the computatIonal time and memory reqUIrement scales hnearly WIth the 
number of nodes 
Overall, the algonthm is sImple to Implement In software, and offers some advantages. It IS 
most hkely to find apphcatlon In Iughly optimised systems, such as hardware accelerators for 
TLM (e g that descnbed by Stothard and Pomeroy [5.7]). In these systems It may be possIble to 
Implement the algonthm dlfectly m hIgh-speed logIc and thus the overhead may be neghglble 
There may also be scope for apphcatlOn m dlstnbuted processmg, by usmg the array to represent 
tiles of nodes Instead of mdlvidual nodes. The time steppmg In the algonthm could be a multIple 
of the TLM time step appropnate to the tile sIze TIlls could then fonn the baSIS of a 'fast start' 
routme 
5.5 ConclusIOn 
In !Ius chapter some of the Issues facing the effiCIent implementation of TLM have been ad-
dressed. ObJect-onented programmIng techniques have been conSIdered, and an OML model 
for 3-D TLM has been presented and evaluated It has been demonstrated that acceptable accu-
racy can be obtaIned by using floating pomt numbers WIth a mantIssa length as low as 15 bItS, 
although thIS may only be apphcable to speclahsed TLM processors SInce most current plat-
fonns adhere to the IEEE standard for floating POInt numbers. StrategIes have been proposed 
for assessmg and reducIng the total memory requirement An algonthm has been demonstrated 
wluch activates nodes when required In the calculatIon and by domg so reduces computatIOn 
times In some cIrcumstances. 
References 138 
References 
[5.1) J G. Proakis and D. G. ManolaIas, DIgItal sIgnal processmg' Prmclples, algorzthms 
and applzcatlons, ch. 9, pp. 684-760. New York Macmlllan, 2nd ed , 1992 
[5 2) Anon., ''Three-dimensional EM software for PCs," Microwave 1 ,vol 40, no. 5, pp 354-
357, 1997 
[5 3) J L Dubard, O. Benevello, D. Pompel, J Le Roux, P. P. M. So, and W. J. R Hoefer, "Ac-
celeration of TLM through signal processmg and parallel computmg," m ComputatIOn 
m Electromagnetlcs, pp. 71-74, lEE, 25-27 November 1991. 
[54) C C Tan and V. F Fusco, ''TLM modelling usmg an SIMD computer," Int 1 Numerzcal 
Modellmg Electromc Networks, DevIces and FIelds, vol 6, pp 299-304, 1993 
[5 5) P. P. M So, C. Eswarappa, and W. J. R. Hoefer, "Parallel and dlstnbuted TLM com-
putatiOn With signal processmg for electromagnetic field modelling," Int l. Numerzcal 
Modellmg Electromc Networks, DevIces and FIelds, vol. 8, pp. 169-185, 1995 
[5 6) P J Parsons, S. R. Jaques, S. H. Pulko, and F A. Rabhl, ''TLM modellng usmg dis-
tributed computing," IEEE M,crow. and GUIded Wave Lett, vol. 6, no. 3, pp 141-142, 
1996. 
[5 7) D Stothard and S C. Pomeroy, "Dedicated TLM array processor," Applzed Computa-
tIOnal Electromagn. Soc. l., vol. 13, no 2, pp 188-196, 1998 
[5 8) V S. Sunderam, "PVM: A framework for parallel dlstnbuted computmg," Concurrency 
Practice and Experience, pp. 315-339, December 1990. 
[59) V Trenkl~, C Chnstopoulos, and T. M. Benson, "EffiCient computatIOn algonthms for 
TLM," m DIgest of the First International Workshop on TLM Modelmg, (Vlctona, BC, 
Canada), pp. 77-80, IEEE, 1-3 August 1995. 
[5.10) S. Lawton, D. D. Ward, S. R. Cloude, and J. F. Dawson, "Hybnd time domam mod-
elling for automotIVe EMC," m Proc. 2nd Int. Conf. on Computation m Electromagnet-
ics, (Nottingham, UK), pp 275-278, lEE, 12-14 Apnl 1994. 
References 139 
[5 11] C Eswarappa and W J R. Hoefer, "Real time Interface between TLM and FDTD mod-
ules and apphcations," In DIgest of the FIrst InternatIOnal Workshop on TLM Modelzng, 
(Vlctona, BC, Canada), pp. 59--62, IEEE, 1-3 August 1995. 
[5.12] J Rumbaugh, M Blaha, W. Premeriani, F. Eddy, and W. Lorensen, ObJect-onented 
modeUng and deSIgn New York: Prentice-Hall, 1991. 
[5 13] J. L. Hemng, Developments In the TransmIssIOn-Line Modelling Method for Electro-
magnetic Compatlbllzty. PhD thesIs, UnIversity ofNottmgham, May 1993 pp 104-109, 
pp. 207-208. 
[5.14] P. P. M. So and W. J. R. Hoefer, "Recent advances In transmiSSIOn Ime matnx method 
e1ectromagnellc wave modelling and vlsuallzallon," In Digest of the FITst International 
Workshop on TLM Modelzng, (Vlctona, BC, Canada), pp. 183-186, IEEE, 1-3 August 
1995. 
[5 15] J. L. Hemng, Developments In the Transmission-Line Modellmg Method for Electro-
magnetic CompatIbILIty PhD theSIS, UnIversity of Notllngham, May 1993. ch 3 
[5 16] R E. Colhn, Foundations for MIcrowave Engzneenng, ch. 7, pp. 500-504 Electncal 
Englneenng Senes, New York' McGraw HIll, 2nd ed , 1992. 
[5.17] ANSIJIEEE Standard for bmary iloallng pomt anthmellc. 754-1985 
[5.18] D D Ward and A. R. Ruddle, "Developments In automotIve electromagnellc mod-
elling," SAE Speczal Publzcatlons, vol. 1336, pp 17-27, February 1998. 
[5 19] J L Hemng and C. Chnstopoulos, ''The use of graded and mulllgnd techmques m 
transmlsslOn-hne modelhng," In Computation In Electromagnetlcs, pp 142-145, IEE, 
12-14 April 1994 
[5.20] J. L Hemng and C. Chnstopoulos, "SolVing electromagnellc field problems usmg a 
multIple gnd transm/sslon-hne modehng method," IEEE Trans Antennas Propagat , 
voI.42,no. 12,pp 1654-1658,1994 
[521] M I Sohby, M H. Abd EI-Azeem, and K W Royer, "A new mult/-gnd 3-D TLM 
a1gonthrn for slmulallon of rmcrowave FSS," In MTT SymposIum DIgest, vol. 2, (San 
Franscisco, CA, USA), pp. 439-442, IEEE, 17-21 June 1996. 
References 140 
[522] J. Wlodarczyk, "New mulugnd mterface for the TLM method," Electron Lett, vo!. 32, 
no 12, pp. 1111-1112, 1996 
CHAPTER 6: 
CONCLUSIONS 
T HE aim of thIS thesIs was to Idenllfy and develop efficIent techmques for the electromag-nellC modellmg of motor velucles. The objecllves have been achIeved by targetmg two 
key areas: the use of efficIent numencal techniques, and the algonthm ImplementatIOn. ThIS 
chapter outlines the contnbullon of thIS thesIs, and suggests areas for future research 
6.1 Contnbution of thlS thesls 
The TLM technique was chosen as a startmg point for thIS thesIs as It IS mulll-featured and 
well estabhshed as a numencal techmque for EMC SImulation. Whole-velucle slmulallons are 
a parl1cularly challengmg class of EM model, due to theIr hIgh level of geometncal complexIty 
and the hIgh frequencIes Involved in tests It IS essentIal to conserve computatIOnal resources m 
order to obtain accurate slmulallons m a reahsllc lime fratne 
The development of the TLM method has been cntically reVIewed, focusmg on the strengths 
and weaknesses encountered when applIed to automollve EMC problems. A WIde range of 
techmques are aVailable wluch can be used to Improve the accuracy and effiCIency m partIcular 
areas of the model. 
Symmetry boundary condItIOns can be useful for reducmg the memory reqUIrement m models 
A new parl1allmplementallon of a Huygens' surface has been developed wluch uses a symmetry 
condItIOn to produce plane waves for slmulallon of EM Immumty. ThIS method Improves over 
an earher method by allowmg plane wave generatIOn WIth arbItrary polansatlOn 
The absorbmg boundary perfonnance m TLM slmulallons has a SIgnIficant Impact on the overall 
effiCIency. The tradlllonal matched tennmallon boundary perfonns poorly when placed m close 
proxImIty to objects. Hlgh-perfonnance techmques, wluch have been reported m recent years, 
such as the one-way equallon method and perfectly matched layer can be effectIve m certam clr-
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cumstances ThIs allows the boundary to be placed closer to the object and thus preserves com-
putatIonal resources. Due to the hmlted and often unpredIctable stablhty of hIgh-performance 
absorbmg boundanes, they may in some cases prove unsUItable for use m automotive models. 
The manner m whIch the TLM algonthm IS Implemented can have adverse effects on the ef-
ficIency, particularly m terms of the numencal accuracy and memory usage Object onented 
programmmg methods have been employed m this thesIs to construct a TLM program There 
are some conceptual advantages in usmg object onented methods, however these are largely 
offset by the latent mcrease m memory usage and degradation of the execution speed. 
Memory usage overall IS a pIvotal factor smce the per-node computatIonal time chmbs very 
steeply once a certain threshold IS reached. A sImple calculatIOn techmque has been descnbed 
whIch can qUIckly assess the practlcahty of modelhng a partIcular phYSIcal system, or can 
alternatively mdlcate the upper frequency hmlt for a gIven level of computatIonal resources 
A new method has been presented which reduces the total number of calculatIOns by dynamI-
cally activating nodes ThIs method can reduce computation time m low-Q slmulatlons There 
IS partIcular ment m avoidmg the storage of nodes m volumes where there IS no slgmficant field 
penetration. 
6.2 Suggestions for further research 
The work m thIS thesIs has suggested a number of avenues for further research 
6 2.1 ComputatIOnal performance 
It IS debatable which type of computer offers the most effectIve and effiCIent platform for TLM 
There IS much mterest m using parallel computers, and m some cases these have proved very 
successful. It is however unclear whether theIr hIgh compleXIty and cost JustIfies theIr use, 
espeCIally when many of the studIes reported to date have mdlcated that the computer used was 
not operating at full capacIty. It would be worthwhtle to assess the cost per performance umt 
for these machines. In addItion, It would be useful to conduct a survey of the relative sUltablhty 
and performance of each for a benchmark TLM program. 
It has been speculated that the future of parallel computmg hes m uSing multiple desktop com-
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puters with hIgh-perfonnance network connections. A study IS needed to examme the Imph-
catIOns of this type of computer hardware, focusing on the specific chfficull1es referred to m 
Chapter 5 of slow data transfer rate when compared to computal1on lime. 
6.2.2 Programming technIques 
Another area of research hIghhghted by this thesIs IS that of code archItecture It has been shown 
that even relal1vely rmnor changes m software can alter the perfonnance dramatically This 
fact has often been Ignored, although in praClical tenns It can affect the maximum frequency 
of the model m a manner comparable to the numencal algorithm Itself More research effort 
mto program archItecture and Wider dlssemmal10n amongst the TLM commumty IS needed to 
produce better, faster TLM implementations, and to reduce the amount of repeated research m 
mstltul1ons. 
62 3 Accuracy of TLM slmulatJOns 
Improvmg the represental10n of curved and sloped boundanes IS of Importance to both the 
TLM and FDTD commuml1es. These methods are of particular mterest, because they have 
the potenl1al to Significantly Improve model accuracy. Although a number of smooth surface 
techmques have been proposed, no comparal1ve study has been reported for TLM, and test cases 
have been hmlted. Further research IS reqUired to detennme whether these methods are effecl1ve 
m complex-geometry problems. 
In Simple Situations and on an inchvldual basis many of the errors observed m slmulatlOns are 
well understood. In general, however, It IS not clear how the cumulative effects mfluence the 
overall model error. A study to fonnahse and predict the magmtude of errors from different 
sources would be desrrable. The concept of an 'error budget' could be mtroduced, which op-
erates m a manner analogous to nOise analysIs m electromc CirCUits For example, If results 
are requrred within a 6 dB accuracy It may be pOSSible to budget for the errors due to sharp 
edges, wrres, and other factors. ThIs would perrmt the user to quantify the expected errors from 
a vanety of sources, and allow the engmeer to alter the model to meet a particular accuracy 
reqUirement. 
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62 4 Developmg numencal technIques for EMC 
On the wider subject of modellmg in EMC, there are a number of areas which have potential 
to Improve simulation efficiency. Research has been ongomg for several years mto hybnd 
methods The purpose of hybndisatlon is to capitalise on the best features of a number of 
techmques by combmmg them m a single model. Research has been fairly sparse m this area, 
although some studies have reported very promIsmg results. Further study IS reqUired m order 
to establish wluch numerical methods can be efficiently and effectively combmed 
At a practical level, hybrid methods may mtroduce additIOnal problems, such as m pre-processmg, 
and tlus needs to be more fully mvestlgated. For instance, If a vehicle body shell was modelled 
usmg a combmation of TLM and TDFEM a tetrahedral mesh might be reqUired on the shell (to 
make use of TDFEM's conformal meshing) and a cubiC mesh elsewhere (to make use of TLM's 
efficient modellmg of space). 
62 5 ValIdatIOn 
Although outSide the scope of thiS theSIS, expenmental validation of modelling results IS an 
Important actlVlty So far the TLM method has been demonstrated to give good agreement With 
measured results for a wide variety of systems (see Chapter 1 references for more detmls) It 
would be valuable to dissemmate the results from a more systematic study, companng mod-
elling results to expenmental results for a vanety of typical vehicle EMC SituatIOns The eVI-
dence from such a study would encourage the acceptance of modellmg among the Wider EMC 
commumty. It would also help non-expert users of modellmg to understand which problems 
can be tackled and to gain realistic expectatIOns of the outcome of the modelling process 
6.3 Overall conclusion 
To produce efficient whole-velucle simulatlOns for EMC purposes, various techmques and 
strategies are necessary. The particular Importance of applymg symmetry wherever pOSSible, 
usmg reliable absorbmg boundaries, and producmg an effiCient ImplementatIOn of the TLM 
algontlun itself have been descnbed m thiS thesis. 
The TLM method is a powerful, mature techmque With many features which can assist the 
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user to make the best use of computmg resources. Hlstoncally, the evolutIOn of the method 
and the mcrease m computIng power have enabled lugher model frequencIes and greater model 
compleXIty However, legIslatIve requirements for EMC and the demands of engmeers have 
increased at an even greater rate There IS no reason to assume that thIS trend wIll change m 
the future Regardless of the Improvements m computatIOnal perfonnance, better models wIll 
always be sought. Therefore, the need to manage resources wIll remaIn paramount, partIcularly 
m challengmg sItuatIons such as the whole-velucle problems addressed by thIs theSIS. 
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